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SUMMARY

Thisreport outlinesthe devel opment of the database of diffuse-layer sorption reactionsfor hydrousferric
oxide (HFO) to be used inequilibrium speciation ca culationsfor the Hazardous Waste | dentification Rule
(HWIR). The sorption of contaminant metals and metaloidsisimportant in that it retards contaminant
transport in the subsurface. In HWIR, the results of the speciation modeling are used to compute the
contaminant sorption distribution coefficient, K, atransport model parameter that must beincludedto
account for thisretardation. The contaminant metals and metaloids of interest in HWIR are: arsenic (A9),
antimony (Sh), barium (Ba), beryllium (Be), cadmium (Cd), chromium (Cr), cobat (Co), copper (Cu), lead
(Pb), mercury (Hg), molybdenum (Mo), nickel (Ni), selenium (Se), silver (Ag), thallium (TI), tin (Sn),
vanadium (V), and zinc (Zn). Although not ametal, cyanide (CN) isalso of interest asatransportable
contaminant. A consistent set of sorption reactions are presented for al HWIR contaminantsof interest.
The corresponding MINTEQA2 database is also presented.
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1.0 BACKGROUND

TheU.S. Environmenta Protection Agency hasused the MINTEQA2/PRODEFA 2 equilibrium speciation
model (Allison et al., 1991) to evaluate metal speciation and to estimate metal sorption for previous
modeling inthe Hazardous Waste I dentification Rule (USEPA, 1996). In particular, themoded hasbeen
used to estimate K asafunction of metal concentration for anumber of metal contaminants. Public and
EPA peer reviewsof the HWIR methodol ogy haveresulted in numerous comments, someof which pertain
totheroleof theMINTEQA2/PRODEFA2 mode (hereafter referredto smply as“MINTEQAZ2"). Two
specific areas of weakness in the application of the model in HWIR were identified:

1) The general thermodynamic database used by MINTEQA2 needs to be updated. This
database contains thermodynamic data for dissolved (aqueous) phase and solid phase
reactions and reactions used to represent oxidation-reduction and gas phase species at
congtant partia pressure. Thedatabasewas originally compiled morethan ten yearsago and
has been supplemented over the yearswith datathat may not aways have been consistent with
earlier entries. Thedatabase requiresathorough review of all entriesimpacting the HWIR
calculations. Also, certain metals of interest in HWIR are not currently represented in the
genera thermodynamic database.

2) The specidized thermodynamic database of reactions between metalsand the hydrousferric
oxide (HFO) sorbent used in the diffuse-layer model (DLM) needsto be supplemented with
reactions for those metals that form oxoanionsin agueous solution (e.g., arsenic, chromium
(V1), and selenium). These metalshave been included in the HWIR methodol ogy, but have
not been included in previous MINTEQA2 modeling. Hydrous ferric oxide reactions for
cationic metals also need to be reviewed and updated if necessary. In addition, the database
needs to be supplemented with reactions for new HWIR species not included in the origina
HWIR modeling and not currently represented in the MINTEQA2 HFO database.

The first of these concerns has been addressed in a separate task (Task 2) under this same work
assgnment. Concern (2) isthefocus of thisstudy. The objective has been to provide the MINTEQA?2
model with the latest available datafor all HWIR contaminant metal s pertinent to diffuse-layer model
sorption reactions on hydrous ferric oxide.

2.0 DATA SOURCESAND METHODOLOGY

The previous database used in earlier HWIR modeling was developed from data presented in a Ph.D
dissertation by David Dzombak (1986). It included species representing sorption reactionsfor the cations:
hydrogen (protons), barium, cadmium, copper, lead, nickel, and zinc; and theanions: arseniteand arsenate.
The arsenic reactions have not previoudy been used in HWIR modding. Reactionsfor chromium(l11) and
mercury(l1), dthough not included in the previousMINTEQA2 (version 3.11) database, aregiveninthe
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Dzombak dissertation and have been used in HWIR modeling. The objective of thistask wasto provided
HFO diffuse-layer model reactions to represent sorbed speciesfor all HWIR metals, metalloids, and
cyanide. Reactionsfor those metasthat were previoudy represented have been checked for completeness
and accuracy. Reactionsto represent HWIR sorbed meta speciesnot in the previous database have been
added. The HWIR metals not represented in the version 3.11 databaseinclude: chromium, mercury,
slver, vanadium, selenium, thal lium, antimony, molybdenum, tin, and cobalt. If experimentally derived
sorption reactionswith equilibrium constants were not found, estimates using linear free energy relaionships
relating the magnitude of sorption constants to hydrolysis or acidity constants have been employed.

The primary source of datafor updating the diffuse-layer sorption database was acompilation of reactions
representing a unified and consistent database for HFO by Dzombak and Morel (1990). Thiswork
presents many of the same reactions given in the compilation of Dzombak (1986) with somerevised
constants. It also presents data not included in the earlier compilation.

2.1 HFO SORPTION REACTIONS

Thediffuse-layer sorption reactionsfor the contaminant metal s of interest were obtained from Dzombak
and More (1990). The presentation followstheirsin presenting the resultsfor metal s grouped according
to similar surfacereactions. Thelog equilibrium constants are referenced by asubscript 1 or 2 (log K,™,
log K,™) to indicate the specific sorption reaction. The“intr” superscript indicates that these are the
vauesof theintring c constants (exclusiveof eectrostatic effects). For certain trangtion and post-trangition
cations, Dzombak and Morel derived constantsfor both low-affinity (weak) and high-affinity (strong) Sites.
Theseareidentified with asuperscript in the ste names asin: Fe"OH° and FEOH for the (neutral) weak
and strong Sites, respectively. The superscript “n” gppearing in the reactions below refersto charge on the
metal M.

2.1.1 HFO Surface Reactions for Cations

The HFO surface reactionsfor cations as given by (Dzombak and Morel, 1990) differ somewhat among
thevarious groups of metals. In particular, the alkaline earth metals (with the exception of beryllium)
behave smilarly and the transition and post-transition metals behave similarly. They present datafor a
singletrivaent cation, Cr**, with asurface reaction that differs from the other two groups. Beryllium,
athough it belongs the a kaline earths, behaves somewhat anomaloudly for itsgroup. The hydroxide of
beryllium isamphoteric, whereasthe hydroxides of calcium, strontium, and barium are strong bases. Its
behavior asregards surface reactionsis more smilar to the trangition metals; it will be listed with those
metalsfor the purposesof defining itsHFO reactions. Also, notethat athough magnesium, calcium, and
manganese are not contaminant metalsin HWIR, their relevant surface constants are provided below
becausetheir concentration levelsin natural systemscan result in effective competition for trace meta
sorption sites.



Reactions for Ba, Mg. and Ca
/Fe’OH® % M#* W /Fe*OHM " K, (1)

/Fe"OH° % M W /Fe"OM” % H" K, )

Reactions for Divalent Be, Cd, Co, Cu, Hg, Ni, Pb, Mn, Sn, Zn, and Monovalent Ag

/FeOH® % M" W /FelOM™*! % H* K, 3)

/Fe"OH° % M" W /Fe"OM™ % H* K, (4)

Reaction for the Trivalent Cr

/Fe’OH° % Cr® % H,0 W /Fe*OCrOH" % 2H"* K, (5)

2.1.2 Intrinsic Constantsfor Cations

Table 2.1 presentsvauesfor theintring ¢ constants as given by Dzombak and Mordl (1990). They used
linear free energy relationships (LFER) between the cations and their first hydrolysis constants to
extrapol ate some va uesfor metal swhoseintrins ¢ constantswere not derivable from experimental data.
Theuse of LFER is predicated on the assumption that the relative affinity among various cationsfor the
hydroxyl steson HFO reflect their relative affinitiesfor OH™ complexationin solution. Valuesestimated
from LFER (as opposed to those derived from experimental results) areindicated in Table 2.1 with an
asterisk. A dash entry means no constant could be determined.
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Table 2.1 Intrinsic Sorption Constantsfor some Cationson HFO.

Metal log K, log K,

Ba? 5.46 7.2
Ca* 4.97 -5.85
Mg? — -4.6
TI* -35 -6.9°
Ag' -1.72 5.3
Mn?* 0.4 -35
Co* -4.6 -3.01
Ni2* 0.37 25
Cd* 0.47 -2.90
Zn* 0.99 -1.99
Cu® 2.89 0.6
Pb** 4.65 0.3
Be?* 5.7* 3.3
Hg?* 7.76 6.45
Sn? 8.0 59
Cr¥ 2.06 --

The constants shown in Table 2.1 are given by Dzombak and Morel (1990) with the exception of the
valuesfor TI*. In most natural freshwater systems, the +1 oxidation state of thallium is expected to
dominate (World Health Organization, 1996). Using the LFER expressionsfrom Dzombak and Morel
(determined by regression of thefirst hydrolysis constant with experimentally derived log K, ™ and log
K,™, respectively) gives:

log K, * 1.166l0g Ky, & 4.374 6)
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log Ky 1.29910g Ky, & 7.893 (7)

The National Institute of Standards and Technology database Critical Sability Constants of Metal
Complexes, Version 4.0 givesavaue of 0.79 for thefirst hydrolysis constant for TI* and the resulting
estimates of log K, and log K,™ are-3.5 and -6.9, respectively. These values correspond to surface
reactions (3) and (4) above, respectively.

2.1.3 HFO Surface Reactionsfor Anions

The HFO surface reactionsfor anionsas given by (Dzombak and Morel, 1990) are dso grouped by smilar
behavior. In particular, certain trivalent (deprotonated) anions behave smilarly, the fully protonated
(neutral) species of arsenite and borate behave smilarly, and the divalent (deprotonated) anions behave
amilarly. The pertinent surface reactions are somewhat different for these groups, so they are presented
separately below. Antimony (as SbO(OH),) and cyanide are grouped with thedivalent anionsfor the
purposes of describing their surface reactions. Also, note that although the anionic species of sulfate,
phosphate, and borate are not contaminant speciesin HWIR, their concentration levelsrelativeto trace
metalsin natural water can be such asto influence competition for sorption sites, so their constantsare
included below. The generic anionisrepresented by “ A’ with the chargeindicated in thereaction. Where
appropriate, “n” represents the unsigned charge of the anion.

Reactions for phosphate, arsenate, and vanadate

/FeOH® % A% % 3H" W /FeH,A° % H,0 K, (8)
/FeOH® % A% % 2H" W /FeHA® % H,O K, 9)
/FeOH® % A% % H" W /FeA** % H,0 K, (10)
/FeOH® % A3% W /FeOHA3® K, (12)
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Reactions for arsenite and borate

/FeOH® % H,ASO; W /FeH,AsO; % H,O K, (12)

/FeOH® % H,BO; W /FeH,BO; % H,O K, (13)

Reactions for sulfate, selenate, selenite, chromate, molybdate, antimonate, and cyanide

/FEOH® % A™ % H* W /FeA™DE 9 HO K, (14)

/FeOH® % A" W /FeOHA™ K, (15)

2.1.4 Intrinsic Constantsfor Anions

Table 2.2 presentsvaluesfor theintring ¢ constants as given by Dzombak and Morel (1990). They used
linear free energy relationships (LFER) between the anions and their acidity constants (pK,'s) to
extrapol ate some va uesfor meta swhoseintrins ¢ constantswere not derivable from experimental data.
Theuseof LFER ispredicated ontheassumption that therel ative Ste affinity among variousanionsreflects
their relative affinitiesfor protonation in solution. Values estimated from LFER (as opposed to those
derived from experimental results) areindicated in Table 2.2 with an asterisk. The number of surface
species needed to represent sorption on the HFO surface depends on the number of deprotonation
reactions the anion undergoes within the range of relevant pH. Phosphate undergoes three deprotonations,
so four surface reactions are required. An entry box crossed out in the table means that the surface
constant isnot applicablefor that anion. A dash entry meansthat the constant isrelevant, but itsvalue
could not be determined.
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Table 2.2 Intrinsic Sor ption Constants for some Anionson HFO.

M etal log K, log K, log K, log K,
HASO, 5.41
H,BO,° 0.62
PO* 31.29 25.39 17.72 --
AsO,* 20.31 2351 -- 10.58
VO - — — 13.57
S0,z 7.78 0.79
Se0,” 71.73 0.80
Se0.? 12.69 5.17
CrO* 10.85 3.9
MoO,> 9.5 2.4
SHO(OH), 8.4 13
CN- 13.0° 5.7*

Thedatain Table 5.2 represent areasonably complete compilation for modeling the HWIR anions. The
presence of only one constant for vanadate isthe most detrimental omission. Dzombak and Mord (1990)
notethat thisone constant i s sufficient to describethe existing experimental datafor vanadate sorption on
HFO, but that this data corresponds to high pH and low sorption density only. Constants for other
reactionsarelikely to be needed to describe vanadate sorption acrossthe entire pH range of interestin
HWIR. However, omission of the other constantswill result in less sorption in the modd, implying an
environmentally conservative outcome. A LFER could, in principle, be used to estimate the missing
constants, but the database of trival ent anions whose sorption congtants are known istoo smdl to develop
a statistically sound relationship.

3.0 REVISED DATABASE FOR DIFFUSE-LAYER SORPTION ON HFO

The HFO diffuse-layer database is stored in thefile FEO-DLM.DBS on the MINTEQA 2 distribution
diskettes. Thisfileisnot apart of the general thermodynamic database and is not directly used by
MINTEQAZ2. Rather, the user invokes an option in PRODEFA2 to gppend the reectionsin thisfileto the
MINTEQAZ2 input file to be treated as added reactions for a particular model run. A revised FEO-
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DLM.DBSfile containing reactionsthat may be useful in the HWIR modeling is reproduced in Appendix
A. Thisdatabase has the reactions listed in Tables 2.1 and 2.2 with their associated constants and
electrostaticterms. Reactionsfor protonation and deprotonation, asgivenin Dzombak and Morel (1990)
are necessary to describe the complete set of surface species and to account for competition for binding
Sites.
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LISTING OF THE HFO DATABASE
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Thefollowing reactions presented for usein MINTEQAZ2. The HFO sorption reactions are as described
by Dzombak and Mord (1990). Inthiscompilation, the high affinity siteisrepresented by MINTEQA?2
component 811 and thelow affinity steby component 812. Although thereisno siteaffinity distinctionfor
anions or for protons, separate reactions using components 811 and 812 are present (but using the same
log K value for both sites) to correctly represent competition among al components.

2 78

8113302 =FeOH2+ 0. 0000 7.2900 0.000 0.000 1.00 0.00 0.00 0.0000
0.00 3 1.000 811 1.000 330 1.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8113301 =FeC 0.0000 -8.9300 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 3 1.000 811 -1.000 330 -1.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O 0.000 O

0O 0.000 O 0.000 O 0.000 O

8123302 =FeOH2+ 0. 0000 7.2900 0.000 0.000 1.00 0.00 0.00 0.0000
0.00 3 1.000 812 1.000 330 1.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8123301 =FeC 0.0000 -8.9300 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 3 1.000 812 -1.000 330 -1.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O 0.000 O

0O 0.000 O 0.000 O 0.000 O

8111000 =FeOHBa+2 0. 0000 5.4600 0.000 0.000 2.00 0.00 0.00 0.0000
0.00 3 1.000 811 1.000 100 2.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O 0.000 O

0O 0.000 O 0.000 O 0.000 O

8121000 =FeOBa+ 0.0000 -7.2000 0.000 0.000 1.00 0.00 0.00 0.0000
0.00 4 1.000 812 1.000 100 -1.000 330 1.000 813 0.000 0O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O 0.000 O 0.000 O

0O 0.000 O 0.000 O 0.000 O

8111500 =FeOHCa+2 0. 0000 4.9700 0.000 0.000 2.00 0.00 0.00 0.0000
0.00 3 1.000 811 1.000 150 2.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8121500 =FeCCa+ 0.0000 -5.8500 0.000 0.000 1.00 0.00 0.00 0.0000
0.00 4 1.000 812 1.000 150 -1.000 330 1.000 813 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8124600 =FeOWg+ 0.0000 -4.6000 0.000 0.000 1.00 0.00 0.00 0.0000
0.00 4 1.000 812 1.000 460 -1.000 330 1.000 813 0.000 O 0.000 O
0.000 O 0.000 O 0000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8118700 =FeOrTl 0.0000 -3.5000 0.000 0.000 0.00 0.00 0.00 0.0000
0.00 3 1.000 811 1.000 870 -1.000 330 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O 0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8128700 =FeOrTl 0.0000 -6.9000 0.000 0.000 0.00 0.00 0.00 0.0000
0.00 3 1.000 812 1.000 870 -1.000 330 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8110200 =FeOAg 0.0000 -1.7200 0.000 0.000 0.00 0.00 0.00 0.0000

10
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0.00 3
0. 000
0 0.000

8120200 =

0.00 3
0. 000
0 0.000

8115400 =

0.00 4
0. 000
0 0.000

8125400 =

0.00 4
0. 000
0 0.000

8112000 =

0.00 4
0. 000
0 0.000

8122000 =

0.00 4
0. 000
0 0.000

8111600 =

0.00 4
0. 000
0 0.000

8121600 =

0.00 4
0. 000
0 0.000

8119500 =

0.00 4
0. 000
0 0.000

8129500 =

0.00 4
0. 000
0 0.000

8112310 =

0.00 4
0. 000
0 0.000

8123100 =

0.00 4
0. 000
0 0.000

8116000 =

0.00 4
0. 000
0 0.000

8126000 =

1.000 811
0 0.000
0 0.000

FeQAg

1. 000 812
0 0. 000
0 0. 000

FeONi +

1. 000 811
0 0. 000
0 0. 000

FeONi +

1. 000 812
0 0. 000
0 0. 000

FeOCo+

1. 000 811
0 0. 000
0 0. 000

FeOCo+

1. 000 812
0 0. 000
0 0. 000

FeOCd+

1. 000 811
0 0. 000
0 0. 000

FeOCd+

1. 000 812
0 0. 000
0 0. 000

FeQzn+

1. 000 811
0 0. 000
0 0. 000

FeQzn+

1. 000 812
0 0. 000
0 0. 000

FeOCu+

1. 000 811
0 0. 000
0 0. 000

FeOCu+

1. 000 812
0 0. 000
0 0. 000

FeOPb+

1. 000 811
0 0. 000
0 0. 000

FeOPb+

1.000 020
0 0.000
0 0.000

0. 0000
1.000 020
0 0.000

0 0.000

0. 0000
1.000 540
0 0.000

0 0.000

0. 0000
1.000 540
0 0.000

0 0.000

0. 0000
1.000 200
0 0.000

0 0.000

0. 0000
1.000 200
0 0.000

0 0.000

0. 0000
1.000 160
0 0.000

0 0.000

0. 0000
1.000 160
0 0.000

0 0.000

0. 0000
1.000 950
0 0.000

0 0.000

0. 0000
1.000 950
0 0.000

0 0.000

0. 0000
1.000 231
0 0.000

0 0.000

0. 0000
1.000 231
0 0.000

0 0.000

0. 0000
1. 000 600
0 0.000

0 0.000

0. 0000

-1.000 330
0 0.000
0

-5.3000 O.

-1.000 330
0 0.000
0

0.3700 0.

-1.000 330
0 0.000
0

-2.5000 O.

-1.000 330
0 0.000
0

-0.4600 0.

-1.000 330
0 0.000
0

-3.0100 O.

-1.000 330
0 0.000
0

0.4700 0.

-1.000 330
0 0.000
0

-2.9000 O.

-1.000 330
0 0.000
0

0.9900 0.

-1.000 330
0 0.000
0

-1.9900 O.

-1.000 330
0 0.000
0

2.8900 0.

-1.000 330
0 0.000
0

0.6000 0.

-1.000 330
0 0.000
0

4.6500 0.

-1.000 330
0 0.000
0

0.3000 O.

11

0.000 O
0 0.000
000 0.000
0.000 O
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000

0. 000
0o oO.

000

.00 0.

. 000

.00 0.

. 000

.00 0.

. 000

.00 0.

. 000

.00 0.

. 000

.00 0.

. 000

.00 0.

. 000

.00 0.

. 000

.00 0.

. 000

.00 0.

. 000

.00 0.

. 000

.00 0.

. 000

00 0.

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000
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0.00 4
0. 000
0 0.000

8111100 =

0.00 4
0. 000
0 0.000

8121100 =

0.00 4
0. 000
0 0.000

8113610 =

0.00 5
0. 000
0 0.000

8123610 =

0.00 5
0. 000
0 0.000

8117900 =

0.00 5
0. 000
0 0.000

8127900 =

0.00 5
0. 000
0 0.000

8112110 =

0.00 4
0. 000
0 0.000

8110600 =

0.00 3
0. 000
0 0.000

8120600 =

0.00 3
0. 000
0 0.000

8110900 =

0.00 3
0. 000
0 0.000

8120900 =

0.00 3
0. 000
0 0.000

8115800 =

0.00 4
0. 000
0 0.000

8125800 =

0.00 4
0. 000
0 0.000

1. 000 812
0 0. 000
0 0. 000

FeOBe+

1. 000 811
0 0. 000
0 0. 000

FeOBe+

1. 000 812
0 0. 000
0 0. 000

FeOHg+

1. 000 811
0 0. 000
0 0. 000

FeOHg+

1. 000 812
0 0. 000
0 0. 000

FeQSn+

1. 000 811
0 0. 000
0 0. 000

FeQSn+

1. 000 812
0 0. 000
0 0. 000

FeOCr OH+

1. 000 811
0 0. 000
0 0. 000

FeH2As 3

1. 000 811
0 0. 000
0 0. 000

FeH2As 3

1. 000 812
0 0. 000
0 0. 000

FeH2BCO3

1. 000 811
0 0. 000
0 0. 000

FeH2BCO3

1. 000 812
0 0. 000
0 0. 000

FeH2PO4

1. 000 811
0 0. 000
0 0. 000

FeH2PO4

1. 000 812
0 0. 000
0 0. 000

1. 000 600
0 0.000
0 0.000
0. 0000
1.000 110
0 0.000
0 0.000
0. 0000
1.000 110
0 0.000
0 0.000
0. 0000
1.000 361
0 0.000
0 0.000
0. 0000
1.000 361
0 0.000
0 0.000
0. 0000
1.000 790
0 0.000
0 0.000
0. 0000
1.000 790
0 0.000
0 0.000
0. 0000
1.000 211
0 0.000
0 0.000
0. 0000
1.000 60
0 0.000
0 0.000
0. 0000
1.000 60
0 0.000
0 0.000
0. 0000
1.000 90
0 0.000
0 0.000
0. 0000
1.000 90
0 0.000
0 0.000
0. 0000
1.000 580
0 0.000
0 0.000
0. 0000
1.000 580
0 0.000
0 0.000

-1.000 330
0 0.000
0
5.7000 0.
-1.000 330
0 0.000
0
3.3000 0.
-1.000 330
0 0.000
0
13.9500 0.
-2.000 2
0 0.000
0
12.6400 0.
-2.000 2
0 0.000
0
15.1000 0.
-2.000 2
0 0.000
0
13. 0000 O.
-2.000 2
0 0.000
0
11.6300 O.
-1.000 002
0 0.000
0
5.4100 0.
-1.000 2
0 0.000
0
5.4100 0.
-1.000 2
0 0.000
0
0.6200 0.
-1.000 2
0 0.000
0
0.6200 0.
-1.000 2
0 0.000
0
31.2900 O.
3.000 330
0 0.000
0
31.2900 O.
3.000 330
0 0.000
0

12

1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
1.000 330
0 0.000
000 0.000
1.000 330
0 0.000
000 0.000
1.000 330
0 0.000
000 0.000
1.000 330
0 0.000
000 0.000
1.000 813
0 0.000
000 0.000
0.000 O
0 0.000
000 0.000
0.000 O
0 0.000
000 0.000
0.000 O
0 0.000
000 0.000
0.000 O
0 0.000
000 0.000
-1.000 2
0 0.000
000 0.000
-1.000 2
0 0.000

0. 000

0o oO.

000

.00 0.

. 000

.00 0.

. 000

.00 0.

813

. 000

.00 0.

813

. 000

.00 0.

813

. 000

.00 0.

813

. 000

.00 0.

. 000

.00 0.

. 000

.00 0.

. 000

.00 O.

. 000

.00 O.

. 000

.00 O.

. 000

.00 0.

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000

. 0000



8115801 =FeHPO4- 0.0000 25.3900 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 811 1.000 580 2.000 330 -1.000 2 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O 0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8125801 =FeHPO4- 0.0000 25.3900 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 812 1.000 580 2.000 330 -1.000 2 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8115802 =FePO4-2 0.0000 17.7200 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 5 1.000 811 1.000 580 1.000 330 -1.000 2 -2.000 813 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8125802 =FePO4-2 0.0000 17.7200 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 5 1.000 812 1.000 580 1.000 330 -1.000 2 -2.000 813 0.000 O
0.000 O 0.000 O 0.000 O 0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8110610 =FeH2AsO4 0. 0000 8.6100 0.000 0.000 0.00 0.00 0.00 0.0000
0.00 3 1.000 811 1.000 61 -1.000 2 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O 0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8120610 =FeH2AsO4 0. 0000 8.6100 0.000 0.000 0.00 0.00 0.00 0.0000
0.00 3 1.000 812 1.000 61 -1.000 2 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8110611 =FeHAsO4- 0. 0000 2.8100 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 811 1.000 61 -1.000 2 -1.000 330 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8120611 =FeHAsO4- 0. 0000 2.8100 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 812 1.000 61 -1.000 2 -1.000 330 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8110613 =FeOHAsO4-3 0.0000 -10.1200 0.000 0.000-3.00 0.00 0.00 0.0000
0.00 4 1.000 811 1.000 61 -3.000 330 -3.000 813 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8120613 =FeOHAsO4- 3 0.0000 -10.1200 0.000 0.000-3.00 0.00 0.00 0.0000
0.00 4 1.000 812 1.000 61 -3.000 330 -3.000 813 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8119031 =FeOHVO4-3 0.0000 -16.6300 0.000 0.000-3.00 0.00 0.00 0.0000
0.00 5 1.000 811 1.000 903 2.000 002 -4.000 330 -3.000 813 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8129031 =FeOHVO4-3 0.0000 -16.6300 0.000 0.000-3.00 0.00 0.00 0.0000
0.00 5 1.000 812 1.000 903 2.000 002 -4.000 330 -3.000 813 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8117320 =FeSO4- 0. 0000 7.7800 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 811 1.000 732 1.000 330 -1.000 002 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O 0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8127320 =FeSO4- 0. 0000 7.7800 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 812 1.000 732 1.000 330 -1.000 002 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O 0.000 O
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0O 0.000 O 0.000 O 0.000 O

8117321 =FeOHSO4- 2 0. 0000 0.7900 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 3 1.000 811 1.000 732 -2.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8127321 =FeOHSO4- 2 0. 0000 0.7900 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 3 1.000 812 1.000 732 -2.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8117610 =FeSe(B- 0. 0000 4.2900 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 4 1.000 811 1.000 761 -1.000 2 -1.000 813 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8127610 =FeSe(B- 0. 0000 4.2900 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 4 1.000 812 1.000 761 -1.000 2 -1.000 813 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8117611 =FeOHSe(B- 2 0.0000 -3.2300 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 4 1.000 811 1.000 761 -1.000 330 -2.000 813 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8127611 =FeOHSe(B- 2 0.0000 -3.2300 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 4 1.000 812 1.000 761 -1.000 330 -2.000 813 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8117620 =FeSeO4- 0. 0000 7.7300 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 811 1.000 762 1.000 330 -1.000 002 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8127620 =FeSeO4- 0. 0000 7.7300 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 812 1.000 762 1.000 330 -1.000 002 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8117621 =FeOHSeO4- 2 0. 0000 0.8000 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 3 1.000 811 1.000 762 -2.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8127621 =FeOHSeO4- 2 0. 0000 0.8000 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 3 1.000 812 1.000 762 -2.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8112120 =FeCr O4- 0.0000 10.8500 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 811 1.000 212 1.000 330 -1.000 002 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8122120 =FeCr O4- 0.0000 10.8500 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 812 1.000 212 1.000 330 -1.000 002 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O 0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8112121 =FeOHCr O4-2 0. 0000 3.9000 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 3 1.000 811 1.000 212 -2.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8122121 =FeOHCr O4-2 0. 0000 3.9000 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 3 1.000 812 1.000 212 -2.000 813 0.000 O 0.000 O 0.000 O
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0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8114800 =FeMpO4- 0. 0000 9.5000 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 811 1.000 480 1.000 330 -1.000 002 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O 0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8124800 =FeMpO4- 0. 0000 9.5000 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 5 1.000 812 1.000 480 1.000 330 -1.000 002 -1.000 813 0.000 O
0.000 O 0.000 O 0.000 O 0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8114801 =FeOHWLOO4- 2 0. 0000 2.4000 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 3 1.000 811 1.000 480 -2.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O 0.000 O

0O 0.000 O 0.000 O 0.000 O

8124801 =FeOHWLOO4- 2 0. 0000 2.4000 0.000 0.000-2.00 0.00 0.00 0.0000
0.00 3 1.000 812 1.000 480 -2.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8117410 =FeShQ(OH) 4 0. 0000 8.4000 0.000 0.000 0.00 0.00 0.00 0.0000
0.00 4 1.000 811 1.000 741 1.000 330 -2.000 002 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8127410 =FeShQ(OH) 4 0. 0000 8.4000 0.000 0.000 0.00 0.00 0.00 0.0000
0.00 4 1.000 812 1.000 741 1.000 330 -2.000 002 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8117411 =FeCHSbQ( OH4 0. 0000 1.3000 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 4 1.000 811 1.000 741 -1.000 002 -1.000 813 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8127411 =FeCHSbQ( OH4 0. 0000 1.3000 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 4 1.000 812 1.000 741 -1.000 002 -1.000 813 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8111430 =FeCN 0.0000 13.0000 0.000 0.000 0.00 0.00 0.00 0.0000
0.00 4 1.000 811 1.000 143 1.000 330 -1.000 002 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8121430 =FeCN 0.0000 13.0000 0.000 0.000 0.00 0.00 0.00 0.0000
0.00 4 1.000 812 1.000 143 1.000 330 -1.000 002 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O

8111431 =FeOHCN- 0. 0000 5.7000 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 3 1.000 811 1.000 143 -1.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O 0.000 O O0.000 O 0.000 O

0O 0.000 O 0.000 O 0.000 O

8121431 =FeOHCN- 0. 0000 5.7000 0.000 0.000-1.00 0.00 0.00 0.0000
0.00 3 1.000 812 1.000 143 -1.000 813 0.000 O 0.000 O 0.000 O
0.000 O 0.000 O 0.000 O O0.000 O O0.000 O O0.000 O

0O 0.000 O 0.000 O 0.000 O
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