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Geochemical Equilibria and Kinetics of the Formation of
Brown-Colored Suspended/Precipitated Matter in Groundwater:
Suggestion to Proper Pumping and Turbidity Treatment Methods
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Abstract: The formatjon of brown-colored precipitates is one of the serious problems frequently encountered in the
development and supply of groundwater in Korea, because by it the water exceeds the drinking water standard in terms
of color, taste, turbidity and dissolved iron concentration and often results in scaling problem within the water supply-
ing system. In groundwaters from the Pajoo area, brown precipitates are typically formed in a few hours after pumping-
out. In this paper we examine the process of the brown precipitates’ formation using the equilibrium thermodynamic
and kinetic approaches, in order to understand the origin and geochemical pathway of the generation of turbidity in
groundwater. The results of this study are used to suggest not only the proper pumping technique to minimize the for-
mation of precipitates but also the optimal design of water treatment methods to improve the water quality. The bed-
rock groundwater in the Pajoo area belongs to the Ca-HCO; type that was evolved through water/rock (gneiss)
interaction. Based on SEM-EDS and XRD analyses, the precipitates are identified as an amorphous, Fe-bearing oxides
or hydroxides. By the use of multi-step filtration with pore sizes of 6, 4, 1, 0.45 and 0.2 um, the precipitates mostly
fall in the colloidal size (1 to 0.45 um) but are concentrated (about 81%) in the range of 1 to 6 um in terms of mass
(weight) distribution. Large amounts of dissolved iron were possibly originated from dissolution of clinochlore in cata-
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clasite which contains high amounts of Fe (up to 3 wt.%). The calculation of saturation index (using a computer code
PHREEQC), as well as the examination of pH-Eh stability relations, also indicate that the final precipitates are Fe-oxy-
hydroxide that is formed by the change of water chemistry (mainly, oxidation) due to the exposure to oxygen during
the pumping-out of Fe(Il)-bearing, reduced groundwater. After pumping-out, the groundwater shows the progressive
decreases of pH, DO and alkalinity with elapsed time. However, turbidity increases and then decreases with time. The
decrease of dissolved Fe concentration as a function of elapsed time after pumping-out is expressed as a regression
equation Fe(I[)=10.1exp(-0.0009t). The oxidation reaction due to the influx of free oxygen during the pumping and
storage of groundwater results in the formation of brown precipitates, which is dependent on time, Po, and pH. In
order to obtain drinkable water quality, therefore, the precipitates should be removed by filtering after the stepwise stor-
age and aeration in tanks with sufficient volume for sufficient time. Particle size distribution data also suggest that step-
wise filtration would be cost-effective. To minimize the scaling within wells, the continued (if possible) pumping within
the optimum pumping rate is recommended because this technique will be most effective for minimizing the mixing
between deep Fe(Il)-rich water and shallow O,-rich water. The simultaneous pumping of shallow O,-rich water in dif-

ferent wells is also recommended.
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Figure 1. Location map of the study area. Sampling sites are also
shown.
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Figure 2. Photographs showing the color change of 0.45 um filter papers with the elapsed time after pumping-out.
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Table 1. RF analysis (unit: wt. %) of banded biotite gneiss in the study area

120 hour 146 hour

SiO, Al,Os Fe,O; Ca0 MgO K.O Na,O TiO, MnO P,04 Total
73.4 14.3 0.8 0.9 0.2 6.5 2.5 0.0 0.0 0.1 98.9
G, AP, SenoH, B FAZEZ 734, A8, 2 B4 287 oHEEtE o Ao, AR AFEREH £
A Fol dEdrh. A AY 57 FaHvigde)] gidh A Aol o2& dRe] AL TFE UY(APHA e al, 1992)2

YA B4 AIRF, 1978, SEA AT A, 1996 Kim,  weEk £335 T
1999Y8 =W, sPebst fAlsk X818 5438 velRdTi(Table
D). "rieks 2AlIE 244 71ake A|ske R Eo| Bl NE #
Ao deix o}, & AYQe A £X9 FYHE Fol3 ol B4E& AR 7} 60mlE ATt &
2 e 7 dEoFE 10m ek waela glo] 2 3, EE #Y PId49 Asks AEE FeAAEY B
oA it dEEFE A6 e AoE AUt vE A3 Y v £ AFE A8k & 718 ALsidh Al
e 34 #Avigte] 48& v X8k 49 ‘cataclasite’s  FE AlEE 740 FEPEEZ o]&3ld F=F Z7] 045 um
ol £ low, A&ty fFo] Fubd 23} FE] i‘;ﬁp_i o) AEg o~ AN v e 23 174 8 24 A
A3t o] Fe- ML H FFUE uel Eqete oFE 2 A F ] Nalgenedl Zloldd &7]o Hotr) gole &
xb FE(53] FH A3 FE)S 2 AY Ak Ao £d MR A5 gsiMe ol §3, AA, 48 € v E
548 Aujste Aoz dhdEch S A8 fleted e e Hrbedd. AlEe) &
A O BAAHE e At HE: EAHE Table 20] ®F 2 HFoAlE ofo|iupiel WARE o]83te 4 4°C
delstdrh. 53], Pld4 #AL>- Aty g F7be] gdekst AuHE $H3ih
3R 7P wolal X sk el s At Aoz
e vb th(Eol &S F AL, 1998). & 28
A5k A Aol E tlgky FE5S JA s A8t
AR ZF o &AM HiY of 54 Azkek AlE 23 7] WollA] pH(OrionA model 290A
pH meter AR&), TDS(OrionA] model 130 TDS meter ARE),
B AFoMe A AG WA 7iEdE el 34 XS DO(OrionA] model 835 DO meter AF-E), Eh(Orion#] model
N2 (PId-1, PId-3, Pld-4)9} 9173 xge] Az Aat (70 290A AHE; AL HITE Ag/AgCl #F), ¥=(LamotteA)
Plw-1Y2 dAte 2 £ 38)(1998d 129 99, 239, 19994 9 model 2000 BEA AH8) 58 &840, ezgelxs 2 =
el dx 84 AL Als AH 9 aeEA S il R A osted Aol e T, APl Eobet 2
E AR ZET Y55 539 &5, Eh, EC 5 38 A 3RS 5ol A5 g9k B 4A 9

"Table 2. Characteristics of groundwater wells in the study area

Well no. Well depth (m) Pumping rate (m*/day) Depth of fracture zone(m)
PJd-1 207 114 21,163
PJd-3 302 40 14~17, 80~100
PJd-4 407 136 55~57, 175~180, 261~280, 365~380
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Table 3. Physicochemical data of groundwaters in the study area
Sample no. PIw-1 PId-1 PJd-3 Pld-4 Drinking Water
Standard
Sampling date 09/12/98  09/12/98 23/12/98  09/12/98  23/12/98 09/12/98 23/12/98 10/09/99
Drilling depth (m) 80 207 302 407
Temp. (°C) 11.9 123 13.8 11.9 14.1 13.9 14.7 21.8
pH 7.5 6.3 6.7 6.1 6.7 7.0 7.2 73 5.8-8.5
Eh (mV) 181.1 248.3 2323 251.8 2259 206.4 200.1 273.8
DO (mg/l) 53 1.3 24 54 7.0 9.2 7.1 6.1
DO (%) 47.5 14.1 22.6 43.0 69.7 90.9 63.4 67.7
EC (uS/em) 180 210 221 140 205 263 271 314
TDS (mg/l) 202.5 237.6 236.8 194.7 207.7 284.2 3144 279.0
Hardness 57.1 102.5 1154 86.0 102.3 1244 156.6 140.0 300.0
Turbidity (NTU) N.D. N.D. 2.7 N.D. 9.1 N.D. 0.7 1.6 1.0
Major constituents (mg/1)
Na 30.2 17.1 8.2 11.8 7.7 19.1 12.0 15.9
K 1.2 1.8 1.9 2.0 2.2 8.3 1.7 2.0
Mg 37 5.1 5.7 24 3.0 53 6.3 6.1
Ca 17.1 333 375 31.0 36.6 41.9 533 46.0
Sio, 16.5 21.8 20.3 18.7 19.2 21.1 225 223
Cl 45 10.8 43 2.0 22 73 6.1 5.6 250.0
SO, 8.4 18.0 30.2 27.6 50.6 9.2 1.1 18.9 200.0
HCO, 1174 1273 126.6 96.8 84.6 167.8 198.3 169.3
NO; 0.0 0.2 0.1 0.0 0.1 0.9 0.5 1.9 443
F 2.7 0.7 0.2 1.0 0.4 1.6 04 0.6 L5
Trace constituents (ug/l)
Al 30 22 10 15 10 12 7 9 200
Ba 13 32 77 18 39 129 162 110
Cr 0 0 n.d. 1 n.d. 0 0 0 50
Cu 1 0 0 1 0 2 0 0 1000
Fe 37 644 962 561 108 16 n.d. 26 300
Li 2 2 2 1 1 2 2 N.D.
Mn 16 193 200 It5 107 110 158 N.D. 300
Pb 2 2 8 3 11 n.d. 10 0 50
Sr 677 297 383 505 423 758 1020 751
Zn 10 352 177 186 321 853 983 1062 1000
n.d.=not detected; N.D.=not determined
E RaAREe 247 Si0E AusE YU BAsks g A FFYoRE FWHOE JAY A0 oy
Bl Aol 3 s Ee FNEEYS o 5 . f&id Z4 ¥ DO 2 2HE] WATEQIF Z2IYg o4
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Figure 3. Piper’s diagram showing the chemical compositions of
groundwaters in the study area.
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Figure 4. Results of XRD and SEM-EDS analyses. (A) XRD pattern of
encrustations in the well PJp-2. (B and C) SEM-EDS data of encrustations

et al., 1988). f.okstH, B Al X9 A slolME 44 in the wells PJp-1 (in B) and PJp-2 (in C). (D) XRD pattern of magnetic

golol] we &2 Fe) Fae: AskElz Qon, old) materials separated from cataclasite, matching with that of clinochlore.
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ooy gl BENOE WY RoE T Hg A% 9 BEAS L F Uh E=W, A FISe
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24 oheFe] AL et S FAsnh 1, A4

FEL Pstel XRD AL 9% 3% §2 SUNY PR/ANE 44 S0 UE HSSEEN s

clinochlore”} &1 AATHFig. 4D). o] F&o] #HA A b o FF F AL we s 54 W 9 2R S 24

oA 4817t 715 8RS PHREEQCE ©l&¢ X8tx|4¢ AL A Aspre] 714 & SHolt). oj2d A4, = & &2

9 Eate] Yol Azt B Ade] Askri HuUMe] malel Mol F&AS Ael were vlash=d) YolAE R4/AA

g3 z70) 2go] SAATHTable 4). A, 2 18 A Be) A4 WS HEE ol Zo] 9§ FosT,

a4 e &= 4o 719 BA2E B3 o o) =Y 993 9do] Ad Pld4 Astgo] disled ¥ F A

Table 4. Calculated saturation indices of some Fe-bearing minerals

Sample no. PJw-1 Pld-1 PJd-3 Pjd-4

Sampling date 09/12/98 09/12/98 23/12/98 09/12/98 23/12/98 09/12/98 10/09/99 10/09/99

Siderite -1.27 -1.53 -1.02 -1.92 -2.06 -2.36 - -1.97

Chlorite ~7.46 -21.75 ~14.74 -28.11 —-15.92 —-12.56 -9.12 —7.65

amorp. Fe(OH); 1.77 -0.05 0.88 —0.68 0.02 -0.36 - 0.83

Goethite 7.06 5.84 6.77 5.21 591 5.53 - 6.72
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Figure 5, pH-Eh diagram for the system Fe-0,-CO,-H,O under
14.3°C, mXFe=0.34 mg/l, and mHCO;=136 mg/l. The Eh values for
encircled data sets were calculated by Nernst equation for O,-H,O
redox couple. Similarly, the Eh value of open star was calculated based
on the Nernst equation on Fe(I)/Fe(IlI) redox couple (see text).
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Fe?'=Fe*"+¢~ @)
Fe**+3H,0=Fe(OH),>+3H" (8)
Fe(OH);=amorphous—Fe(OH);, )

AN (8)9 ¥ 24 pH 27 w$ maA o
ojif= HHE, 4(9)9] w82 & 8Hnucleation)e] #4-2 X3}
T o) vz =TA AR FA, 2O AAd s
o] ¥kg &% A4 Drl(rate limiting step)2 -3t}

& 2o §YF vEo] BAse Ane At

&= v

S22 1034 ZtHTamura et al., 1976; Sung and Morgan,

1980; Davidson and Seed, 1983; Millero et al., 1987; Stumm

and Morgan, 1996; Appello and Postma, 1994).
—dFe(11)/dt=k[Fe(I)]P,[OH (10)

aA71oA kE w2 A Matm iminT)o]®, Fe(IDE
27} Ao BE, Pee 449 FE9), [OH = F4tsle] 9]
solth. oe] AFAE o AFE ¥ k) log
e dvtdo g 13~13.7 MZatm 'min'¢) ¥ o)™, Davison
and Seed(1983)= & 71& A& o]45le] pH 6.5~74 ¥
ol RAF 2ANME HaF 133 Mam'min 'Y log k 7t
& Zrerha Abaksdnh

FH 9 wse 252507 2xKsecond-order) ¥HS-o) B

2 dg8o R &T A48 il Aol oAt} ulgh, pH
9} P, & U ARG shedH AEe YA "W
K[OH PP, k9 442 2ol 13} whg £24] (1)
oz nHg AUtk

—dFe(Il)/dt=k,[Fe(ID)], here k,=k[OHJ?Po, (11)

=

oh. 22, He YA FET Ziks s;q ST RESIERS u:}j(lﬁ?.;% gg(g‘)ﬂ EH?SPO;(; ;i 7;};] ’; ‘j;}z /‘Eiﬂ
Se Eoldled urel Add W Y Bage AgAE ) (’ = (12E 4% &

42 817) fgelnt. ’

Table 5. Eh values (unit: mV) calculated by redox couples

Sample no. PIw-1 PJd-1 PJd-3 PJd-4

Sampling date 09/12/98 09/12/98 23/12/98 09/12/98 23/12/98 09/12/98 10/09/99 10/09/99

3,/H,0 couple 759 820 800 841 803 789 771 753

Je?*/Fe** couple - - - - - - - 221

"Table 6. Physicochemical data pof well PJd-4, showing the temporal variation of water quality with time elapsed after pumping-out

Elapsed time (hr) pH DO (mg/l) HCO; (mg/) Turbidity (NTU) Eh (mV) Total Fe (ppb)
0 7.25 6.11 169.28 1.64 2738 18.1
I 7.33 6.13 166.99 1.57 256.1 22.1
7 7.45 5.51 165.46 1.68 241.6 2.6
24 7.31 4.72 166.23 1.59 182.6 1.0
48 7.31 332 166.23 1.37 233.0 1.5
144 7.31 4.14 167.75 1.02 194.4 <1.0
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Figure 7. (A) Temporal change of Fe(II) concentration in the ground-
water sample PJd-4 with the elapsed time after pumping-out. Regres-
sion equation is also shown. (B) Calculated half times (hour) for the
oxidation of Fe(ll) as a function of dissolved O, concentration (mg/1)
under pH conditions of 6.8 to 7.4.
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Figure 9. Histograms showing the size distribution of precipitates at
the elapsed time of 150 hours for the groundwater sample PJd-4. (A)
Weight distribution. (B) Distribution of the number of particles in unit
volume of sample.
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HYFAE AA & wet Ha AT A Hd) oF 150 A3k FFE F7F AXFY AE AeSE 222 AL (4
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g dhlE #Ad e, #AA o x5l B¢ Figure 10. A schematic diagram showing an optimistic procedure for
AR BI(V)E FFFQ)OE YEFozM Ae £ g the treatment of groundwaters from the study area. Figure B shows the
T = simultane9us pumping (a'bstracti(.)n) of groundwaters a.t diﬁ“f:rent depths
’ of an aquifer system. This technique may lead to the isolation of surfi-
cial water bodies from deep water bodies, resulting in prohibition of
Residence time (hour)=24V/Q (m’/m’/day) (15)  scaling problem in the groundwater well.
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