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Abstract

Bluish green Zn-S- and yellowish brown Fe- microbial mats were found on outer surfaces of well riser pipes on Kakuma
campus of Kanazawa University, Ishikawa Prefecture. The microscopic observation and XRF chemical analysis revealed that
the formative conditions of microbial mats differ in depth due to stationary and pumping groundwater levels. Bluish green
microbial mats formed in 61.6-75. 6 m depth were characterized by high content of Zn and S. The microbial mats mainly
consist of spherical fine particles of several pm in size. A small amount of coccoid- and bacilli-form bacteria were found in the
aggregation. While, yellowish brown microbial mats formed in 30. 8-61. 6 m depth and were characterized by high content of
Fe, Ca, P, Si and Zn. The microbial mats mainly consist of spiral materials that were metabolized from an iron oxidizing
bacterium, Gallionella ferruginea. Harp-like materials metabolized from another iron oxidizing bacteria, Toxothirix spp. were
also found below 56 m in depth. A large amount of coccoid-, bacilli- and filamentous- form bacteria were found in the
assemblage of the metabolic materials and the number of filamentous- form bacteria increased with depth.

TEM observations and FE-TEM-EDX elemental maps revealed that some spherical particles on the cell surface of bacteria in
the bluish green microbial mats are rich in Zn and S stick, suggesting that Zn exist as sulfide. The other adhesion materials
consisted of Fe, Si, O, and Zn were also formed around cell wall. The bacteria in the bluish green microbial mats might be
tolerant to heavy metal Zn.

Key words: microbial mats, iron oxidizing bacterium, Gallionella ferruginea, well riser pipes, groundwater, FE-TEM-EDX
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Fig.1 Sampling location of microbial mats on outer surface of
well riser pipes (¢ 136° 42’ 37.6" E, 36°32' 33.7" N). The
well was constructed on November, 1991 in front of
Department of Earth Sciences on Kakuma campus of

Kanazawa University, Kanazawa, Ishikawa Prefecture.
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Table 1 The groundwater analysis compare right after dredging operations of well riser pipes on this study with two past

operations

First dredging operation |Second dredging operation This study

Oct.15, 1991 Mar. 23, 1998 Mar. 8, 2005
Maginal yield |/min 4614 664.4 508.0
Permeability coefficient x 10 *cm/sec 3.59 324 452
Transmissivity coefficient x 10 'm%sec 1.98 1.80 249
Groundwater Level (m) 31.40 31.62 31.82
Water Temperature (°C) 16.0 13.0 143
pH 8.1 8.0 8.1
Cl mg/| 8.6 85 8.7
Fe mg/| 0.14 0.56 0.21
K+Mg mg/| 817 770 78.0
Organic matter mg/| 0.5 04 0.3

Residue after evaporation of

groundwater (mg/1) - 129 125

- ; not analysis
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56.0 m
in depth

75.6 m
in depth

Fig.2 Photographs of sampling location during dredging operations and microbial mats on outer surfaces of well riser
pipes on March 8th, 2005. A: Pulling up of well riser pipes. B: The upper part of well in an establishment. C: Yel-
lowish brown microbial mats form on the parts deeper than 30. 8 m. D: Thick yellowish brown microbial mats in
56. 0 m depth (Thickness: 5 mm). E: Bluish green microbial mats form on the parts deeper than 61.6 m. F: Bluish

green microbial mats in 75. 6 m depth.

Table 2 The pH, Eh, EC, DO and Water Temperature of ground- ELENA Fd <y MEKO FIR(iE E —HLTWa, F
water right after dredging operations of well riser pipes 7z, 1 HIZ 1 ~2 BOBEETHE /KD Thh, TOLEIC

Eh EC DO WT WERGEAYEDYD (RFRILAAICIZRATIEFIE S %), Th

gt (mV)  (uS/cm)  (mg/l) (°C) M@k (Fig2o i FAKEIDOREE &S 757D Fhi

8.2 30 210 29 13.4 ) &L TiRENTuwa. 20029 1 H 1 Hh 520044
Measurement on Mar. TE 10005 10H 4 HE TDOH 2 107 H OEjzR{7IE -55 m §i% T

H YD, 20044E10H 4 HAH» 520054 2 HI28H £ TO 5 7
Al 40 m pigRdE LTS, Thid, 20044E10H
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Fig3 Geological column in this study with a schematic section of microbial mats on well riser

pipes. In the well of ~150 m depth, permeable screens of groundwater are associated

with sandy clay, fossilized shell, and sand-gravel layers deeper than 62.0 m. Two kinds

of microbial mats, such as yellowish brown in 30.8 ~ 61.6 m depth and bluish green in

61.6 ~ 75. 6 m, are mainly formed on outer surface of well riser pipes.
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Fig4 Progress of stationary and pumping groundwater levels (m), temperature of groundwater (C)
and electrical conductivity (EC: pS/cm) for 3 years aging. Volume of pumping up groundwater
had changed on October 4th, 2004 (white arrow).
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Table 3 ED-XRF analysis of microbial mats on outer surface of well riser pipes (wt %)

Pipe No. Depth(m) Na Mg Al Si P S K Ca Ti Mn Fe N Zn Ba Pb_Zr
15 36.4 - 06 01 56 07 01 - 41 - 08 555 - 262 25 36 -
14 39.2 - 09 - 94 20 - - 58 - 04 388 - 315 63 486 -
13 420 - - - 114 22 - - 56 004 36 739 - 33 - - =
12 448 - - - 81 22 - - 37 - 18 708 - 132 - - -
11 476 - - - 719 20 - = 37 - 07 M2 - 146 - - -
10 504 - - = 99 20 - - 46 - 08 754 - 13 - - -
9 53.2 - - 01 101 23 - - 40 - 06 689 - 139 - - -
8 56.0 - - = 96 14 - = 20 -~ 04 743 - 123 - - -
7 58.8 - - 04 130 17 - =30 01 05 708 - 106 - - -
6 61.6 - -02 106 22 06 - 40 - 06 676 - 142 - - -
5 64.4 - - 12 189 04 85 06 15 01 02 260 - 425 - - -
4 67.2 - - 08 132 07 100 - 11 - 02 218 Tr. 522 - - =
3 700 - - = 153 05 34 - 09 - 02 353 Tr. 442 - - =
2 728 - - - 145 04 52 - 09 - 02 324 Tr. 463 - - -
1 75.6 - - 02 124 03 60 - 09 - 02 233 Tr. 566 - - -

Sand on

a pump 770 - 12 70 465 - 06 52 61 27 06 294 - 03 - - 04

Residue after

evaporation of 43 47 - 188 - 37 01 681 - - 03 - - - - -

groundwater

- Not detected, Tr.; Trace element
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[m] Depth of well riser pipes
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Fig.5 Energy dispersive X-ray fluorescence spectroscopy (ED-XRF) of microbial mats. There is a
remarkable difference of chemical composition between both microbial mats. Yellowish
brown microbial mats are rich in Fe associated with high contents of Ca, P, Si and Zn. While,
bluish green microbial mats are rich in Zn, characterized high contents of S, Fe and Si.
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ROOENBNATT Y POFEEXIF36.4m £39.2m TH
, FEBET 25 5 7 AROEIKAL X O RWERSIC
Hi-5 (Figd). 4bb, BEINIEMETIHIKC
1~218, BKBCIEEEZENGIRBEIN T
DICHBESRBIESTE LT, BITIE-> TV izd
DEEZLNS.

4.3 NFEWEHRE

BNy M, EKHYART (Gallionella
ferruginea) DRBMMERONB HEAKMETHRE
hTW»3™. %7z, 56.0 m ~ 61.6 m DEFENIEH TR,
HUVA R OMICHOHBIEMBE FFV UV IR
(Toxothirix spp.) DREY & R 5N B N—THROKH
MHBRD SN, BHILEMSE TOBE T, 58
ARITEDOEARFICEKE, BEBIUCRKEENZE
KAEBRLTVAC LHBBESD L7 (Figbh, B, C,
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Table 4 XRD analysis of microbial mats on outer surface of well riser pipes

pipe No. Depth (m) Major minerals Minor minerals
15 36.4 amorphous iron hydroxide barite (BaSO4)
basaluminite
{Ala(S04)(OH)10-5H20}
calcite (CaCO3)
gypsum (CaS04-2H20)
14 39.2 amorphous iron hydroxide barite, basaluminite,
. calcite
Y?HOW'_Sh brown 13 420 amorphous iron hydroxide
microbial mats 12 448 amorphous iron hydroxide quartz, feldspar
11 476 amorphousiron hydroxide
10 50.4 amorphousiron hydroxide
9 53.2 amorphousiron hydroxide
8 56.0 amorphousiron hydroxide
7 58.8 amorphousiron hydroxide quartz, feldspar
6 61.6 amorphousiron hydroxide quartz, feldspar
5 64.4 amorphous material quartz, feldspar
. 4 67.2 amorphous material quartz, feldspar
Bluish green A
R ; 3 70.0 amorphous material
microbial mats 2 72.8 amorphous material
1 75.6 amorphous material feldspar
Sandona 770 quartz, feldspar
pump clay minerals:
smectite (14.2A)
mica clay minerals ( 10.3A)
kaolin minerals (7.1A)

D). ZOHEAKDBTE, MOWICEKE, BENEEL
TWBET36BHLNT (FigbD KH). i, FE
MEV36.4 m £39.2 m DEBENAA Y M TR, K
W, BEDEIEGHEL, B ABILDONT, RIKMED
HEMBINT 5. —F, FRENAFTy MIEICK
pmOMAIERF TR E N TS, £z, AEEHI0

pm, EBEHOERER OB U EKOMEN 4
IKBHHN D (FigbE F, KA. i, FHE67.2m B
LU 64.4 m DEFEGONAA T Y b SREBLNNIA
<y bTLEDLNESBARMEN T NICED N
fo. BREDUEARBE TOBETIE, ®BEN /ATy k
IR, FRfANA ATy FHOMEHEHIE L Dk
<, MHLERFOPICHKE, BENMERDLNDBICT
Eizu,

BRENA ATy MDWTR, HREMGEERER
K&k B E, BEMRNE S LENES TRMEDE
HHRZ-> Tz, mMEOERIE, S ENS Lo
BIESREBIENREO NI A LTS, &b
B, SEIOBERTD 5 7 AR OEIKMOMEDZEIC K
rEZOND. —f, BEGNAIA Ty M EEFEREN
A4y FEDOBRIIEE 61m T, SROEBENS
5 7 HRiD20044E10 A LIFTOBIKN TH B ESE 56 m Hi
BLE—HLAV (Figd. LHL, BKNLVEE 56
mTH-o7=& LTEHAKDIRIC X 3 ZEXKOHKIEE
SHUEL 5%, BEBE/NA 3y FOMEMD AR
FHBICKEEERZITOREOTHNE, SHEDS
NESHEN ISR TH I EERINECOTH

i, TLALATHS.

4.4 FEVBFHEABRABRS LTI RIVF—2HEX
#853%r (SEM-EDX)

#HX44.8m, 50.4m, 61.6 m M5B/ EN-EHEBE/A
A<y FOSEMBETIE, SEAKRMEORIRNES
IGEWDESH NI (FigTA, B, C). 7, 50.4md»H
BoniznRAE<y FOEDX N TR, bEAKRYME
i Si, P, Ca, Fe BRIIENFz (FigTB). —%, X
67.2m, 2.8 mbh bBonizEREBNNAFT<y bD
SEM B8 Tk, WITheig—4hAKEE] pmAlEO#ED,
IR TOBREARTRREINTED, EWIKTEL,
KERRFICZE>TWS (FigTD, E, F). %7z, 72.8 m
ool AA<y FDEDX H5H Tk, RIKME
DEEADS Si, P, S, Fe, Zn & hiz (Fig7F). ¢
bbb, HEHE4A2 m~ 50 m OEBENLFTY Ml
Si & Fe WML TED, —7, HEET ~ 75 m OFR
BONRAA< Y ME Si, Fe ICMZ Zn NEEICESH SN
BT EHPRENTHS. £z, BEBNNILI<Y M,
NI TFVTHBRTHROICHL, FERENIEY
M RMEMMDIEEIC DR, T UAEBNEMR L
HEETHS.

4.5 BREETEABBR (TEM) BXULFEM< Y
¥>Y (FE-TEM)

SEM-EDX B%ic & b, #HBRNA LTy b ERE

INAF <y FORIC, WA, $iY, LAERICK
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Fig.6 Light (A, C, E and F) and epi-fluorescence (B and D) microscopic photographs of microbial mats. A: Spiral
metabolic materials of an iron oxidizing bacterium, Gallionella ferruginea in yellowish brown microbial mats
from 42.0 m in depth. B: A large amount of coccid-, bacilli- and filamentous form bacteria are found with
DAPI stain on the same view of A. Cand D (61. 6 m in depth): Yellowish brown microbial mats. C: Spiral met-
abolic materials. D: A mass of coccid- and bacilli- form bacteria are found with DAPI stain in the assemblage
of spiral materials (arrow). E (70.0 m in depth) and F (72. 8 m in depth): Bluish green microbial mats. Note that
the microbial mats mainly consist of spherical fine particles of several pm in size, and contain a few translu
cent bluish-green particles of several tens pm in size (E) and a few curved sheath-like materials (arrow in F).
ShERMRESLoNnT LB, E6iC, TEMZHW FHICERIRR 725 8TV % (Fig8). ZDEIRKI ¥
T, TOEKEZFHICBIZ U, HE70.0 m, 72.8 m, O FRIHT 5 Z GJWJ”'UJ‘JI mATHET LHEDS
75.6 m M 6IF 5 NcifmtasA 4~y D TEM Bi%% e (F—REBRLTWAEW). TOTEMBIRTHRE
frolckC 5, BkiF, Hi, REHENEDHLEN, TOMH ENTMAEMOEEIZ, 400 ~ 1500 nm TH b, BKiK
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Fig.7 SEM micrographs and EDX spectrum of microbial mats. A (44.8 m in depth), B (50.4 m) and C (61.6 m):
Yellowish brown microbial mats. A and B: Spiral materials from an iron oxidizing bacterium, Gallionella
ferruginea. C: Harp-like materials metabolized from another iron oxidizing bacteria, Toxothirix spp. EDX
spectrum of a spiral material shows peaks of Fe, Si, P, and Ca (square “[1" in B: analytical area). D (67.2 m in
depth), E (67.2 m) and F (72. 8 m): Bluish green microbial mats. The microbial mats mainly consist of spherical
fine particles of several pm in size to aggregate each other. EDX spectrum of spherical fine particles shows
peaks of Zn, Fe, Si, S and P (square “["1" in F: analytical area).

PRI FITHiN T W B O T, SEM IC K % £ fi1%2 Cld i A, In & SORT K> THIRENST L Fe, Si, Zn, O
Boxhhol. £ N2FVTORBICHETSE ICK> TR N B9 HH 5 T b - (Fig9).

1R L OO i W ERIRKL F O L2 2l i 2 T - 12 & T CoOT kiR, Inhgthe LT cRELHEmL
A, In, S, Fe, Si, 0 & M E N, fELC AL P, Ca ) LTEEFEELTVLAC EERLTWS. Chid, F04%

BmitiEn. ZhoDEGEROTHET Y TLIzET RERBERTIRBIC > TV AT L R/RL TS, TD
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Fig.8 TEM micrographs of bacilli-form bacteria in bluish-green microbial mats from 70.0 m in depth (A and B), 72.8

m(C) and 75.6 m (D), showing that spherical fine particles less than 1 pm in size adhere to cell surfaces of

bacteria.

TENG, Wk L ATy FhOMEYIE, BBRICZ
L oiffigh 0o BERESEH L TL ARBETEAER
TEBRENZF>TVA T LW ENS. Figloic A
WFFERs R & L DB 2T . HPASIKEBECHE
RENT8A A= M, BkAiOZ(bic & % H Fko
FERRICREEEEZITS. ki, TTIKERT
LMYt K UZOME, ThooiEi, HkiEn
BORREEL, Fhick - Tial T 5B XU
FIk SICRZRDIAA, 31 A< v MOKEE{EEO
(E¥ix E O RGMERBR L TWS LE#HRST 5N,
5%, HPFOEIKERA 7 ) =B UHT XD Bh1ED
DKk EEORBRMAYEZE Z 285G, MEZE
ABDH T4, ZOMBOME, HifE, HiFko%
i & B - (E2ARSSBIC N A, BEMDIBIRS 551 %
< v FOFHIC OV TE B L THRZT- T 50850 H
5.

5. ¥&H

AR OSGIRAZE A F v S AICiEE T
WA HFOEIGENECIERK L TWien A=y RlcD

WTHEZITo7e. TORE, 1 KOHFTLEDRSE
PEEIRMFCED, a3 174~y FAEKRENS T
ENHEMERH .

1. NAZ4<w biE30.8 ~61.6 m £FTOmEEH/ 1A
<w k&, 61.6 ~T75.6 mDFEFREONAZ <y bD 2 fl
BlcRELS DB ENTE.

2. TNHDEMICBILT, SHOEHR O/ FKALT
BEUZOEKMmARES G L TWB T LA RgEE
nr.

3. WA A7y MME Fe OGH RN RD L, Ca
P,Si,Zn £ 2L GATWVWS. —7, FimfanAF~=w b
EZn OFHEDREEL, SZEZLFA TV SHRH
TH5.

4. HfgtNT A=y bhicid, Bk, BB I TRIK
MANLRICERLTED, LicH) A 2Z (Gallionella

ferruginea) OXHMER SN S 5B AR THKE

NTWa. i, FESEmXOENRSTIE, AUA
7 O OSkEEALME k7 21 w & Z (Toxothirix
spp.) D@ & Henzn—TIRo@mhEs 5h
Jz. EHlC, BEMNMRVEEBEONA ATy TR, ER
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A : Bluish green microbial mats of
70 m in depth

A

Amorphous
material
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Fig9 Elemental content maps of spherical fine particles adhering to cell surface of a bacterium in bluish-green
microbial mats from 70.0 m in depth by FE-TEM-EDX. A: A scanning-TEM (STEM) micrograph of
analytical area. B-F: series of corresponding elemental content maps. B: Zinc, C: Sulfur, D: Iron, E: Silicon,
F: Oxygen. Note that some spherical particles on the cell surface of bacteria consist of only Zn and S
(arrows in B and C), suggesting that Zn exist as sulfide. The other adhesion materials consisted of Fe, Si,

0, and Zn were also formed around cell wall.

W, MEORIENEZL, B E3IcoNT, REMED J\)Tﬁhkkﬂ.rnﬁEFuSLZm(HC$UTW@&5
BIEHIMNT 5. —1, R A <y FEEICE Naahbac hbholz. 2D EE, Zn fﬁf"i‘é
(L mOHIH R K] J’ THIRK X 4‘1 TWa., F£iz, WAEMERD {tYe LTRI TR ELHIEME LTEHFEL TS
:n@LJ\fd“?x}hlb\fN&%_n4ﬂ <y b TRE EERRLTWVWS. TOTEDD, |W«Lfvﬁ47viwh
LA, Hibhahrouceki, fREHhDEGEED S DY, MR »)_L\fj‘ Ofifh & D HEEATAH
haic cf%-_?'tcfj'-uf;. L (L AR TELERTZSMMZR > T A T EhHE
5. HfkEA A<y DT T YT OIS T ‘fﬂ

ERIRBL o b2k &2 1oz 825, Zn k. SDH 6. HF ;»;;’JQ. WEEICIER E Nz s A=y B, Sk
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Fig.10 Schematic diagram of microbial mats formation on outer surface of well riser pipes in this

study.
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