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July 15, 1999

VIA CERTIFIED MAIL
Article No. Z 349 337 367

Mr. Michael J. Hinton, P.E.

New York Department of Environmental Conservation
Division of Environmental Remediation--Region 9
270 Michigan Avenue

Buffalo, NY 14203

Subject: Response to DEC Request
for Additional Information
LAN Ref. #2.3269.22

Dear Mr. Hinton:

In response to your letter of April 12, 1999 (Attachment 1), LAN Associates hereby submits the
following additional information.

General Information:
SKW Metals and Alloys, Inc., is currently known as CC Metals and Alloys, Inc. (CCMA). The
change is in name only. The business has the same management and ownership.

Ttem #1 refers to the first bullet in your April 12" letter:

A definition of ferro-chromium dust was presented in the site-screening work plan, which LAN
Associates submitted on behalf of CCMA. That definition stated that ferro-chromium dust
contains clay-size particles and a total chromium concentration between 700 and 1,500
milligrams per kilogram (mg/kg). A letter in support of this determination from Science
Applications International Corporation (SAIC) was included in the site-screening work plan.
For your convenience, the SAIC letter with laboratory results is included as Attachment 2. The
letter thanked SKW (CCMA), on behalf of the U.S. EPA, for helping SAIC obtain samples of
ferro-chromium dust from emissions at CCMA’s Niagara Falls ferroalloy production facility.

The total chromium content of the SAIC ferro-chromium dust sample is approximately 1,560
mg/kg, which represents independent third-party documentation of the chromium content in the
dust. During the site-screening investigation, however, a conservative chromium concentration
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range of 700 to 1,500 mg/kg was used to determine if on-site materials contained ferro-
chromium dust.

To LAN’s knowledge, the only other source of ferro-chromium dust in the USA is the Macalloy
Corporation located in Charleston, SC. Total metal analyses of dust samples collected at the
Macalloy facility was conducted by General Engineering Laboratories on August 17, 1992
(Attachment 3, page 6). The results show that the chromium content of the ferro-chromium
fume dust is 4,450 mg/kg, which is well above the level obtained by SAIC at the CCMA
facility. However, the site-screening concentration used for determining the presence of ferro-
chromium dust at the CCMA facility was a total chromium of 700 mg/kg or greater. This
concentration is well below the available third-party, total chromium concentrations for ferro-
chromium dust.

A complete study of the particle-size distribution of fume dust generated from the CCMA
furnace operation (Attachment 4) was completed in 1992 by Dr. Wojciech Z. Misiolek, a
materials engineering consultant and professor at Rensselaer Polytechnic Institute, Troy, New
York. Dr. Misiolek’s investigation revealed that the average particle size of the fume dust
ranged from 0.39 to 0.55 microns and that 70 to 88 percent of the particles were less than 5
microns. Clay-sized particles are defined by the American Society of Testing and Materials
(ASTM) as occurring between 1 and 5 microns.

Additional particle-size distribution and cumulative particulate emission rates for ferro-
chromium fume dust are provided in the section on “Ferroalloy Production” of a manual on the
Metallurgical Industry (1995), compiled by the U.S. EPA (Attachment 5). These results show
that 91 percent of the ferro-chromium fume dust is less than 10 microns in particle size and 88
percent is less than 6 microns in particle size.

Item #2 refers to the second bullet in your April 12" Jetter:

The range of particle size for ferro-chromium fume dust is discussed above. Formation of
crystalline or amorphous fume dust is dependent on the rate of cooling (temperature drop)
during condensation (the phase change from vapor to liquid) and solidification (the phase
change from liquid to solid). The formation of crystal structure (the regularly repeated
arrangement of atoms, ions, or molecules into identifiable geometric shapes and patterns)
requires a slow cooling process with sufficient time for crystals to form and grow. If the cooling
process occurs rapidly, the crystallization process will be incomplete or not occur. The result of
rapid cooling is a glassy structure that is amorphous (without a crystal structure or form).

At the CCMA facility, fume dust is generated during the ferroalloy melting process, which
occurs in a submerged electric arc furnace where temperatures range from 2000°C to over
3000°C. Fume (vaporized dust) emissions from the furnace are conveyed into ventilated
ductwork. The ventilation rapidly cools the fume vapor into liquid and then into a solid
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(particulate dust). This process occurs so rapidly that the fume vapor and liquid do not have
sufficient time to form a crystalline solid. Instead, the fume vapor is rapidly cooled and forms a
solid without crystal form. Therefore, the cooled fume dust is classified as a non-crystalline
(amorphous) solid.

X-ray diffraction is an analytic method that examines the lattice pattern of the crystal structure
(Attachment 6, page 64). This method is typically used to identify minerals but can also
distinguish between amorphous and crystalline materials. Crystalline material will generate a
distinct pattern of diffraction peaks, whereas amorphous material will not produce diffraction
peaks. An example of crystallization is given in Attachment 6, page 71, which discusses the
formation of amorphous and crystalline volcanic rocks, where formation is also dependent on
the cooling rate of the volcanic melt material. Another example of the formation of an
amorphous solid is glass-making (Attachment 7), a process that converts silica sand into glass
by melting the sand and cooling it rapidly into an amorphous solid.

Item #3 refers to the third bullet in your April 12" Jetter:
As stated in the revised site-screening work plan, the purpose of the investigation was to

determine if ferro-chromium dust was present at CCMA’s Witmer Road property. Therefore, a
definition of ferro-chromium dust was presented in the work plan along with a screening
method for identifying it. The interpretation section of the work plan states that laboratory
analysis of samples collected at the Witmer Road property would be compared with the known
total chromium concentration of ferro-chromium dust samples. That concentration was reported
to range between 700 and 1,200 mg/kg total chromium. As defined in the work plan, the
purpose of the site-screening investigation was not to determine if elevated concentrations of
chromium were present, but to determine if ferro-chromium dust was present in areas outside of
the closed landfill cells on the Witmer Road property.

Item #4 refers to the fourth bullet in your April 12" Jetter:

Section 2.3, page 9, paragraph 2, the last sentence of the site screening report will be revised.
The revision will state, “In LAN Associates' opinion, these results indicate that parameters of
concern in the stormwater discharge from the CCMA property are not a significant threat to
human health or the environment.”

Ttem #S refers to the fifth bullet in vour April 12" letter:
During the construction phase of the Interim Remedial Measures (IRM), grade stakes were used

to determine the required cut-and-fill elevations for site grading. A site plan showing the
location of all grade stakes is included as Attachment 8. Grade stake number 477 is located near
the southeast portion of the property. The grade stake provided a convenient reference point to
the baghouse bags, which were located nearby.
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Item #6 refers to the sixth bullet in your April 12 Jetter:
The cover page of the site-screening report will be resubmitted with the signature and seal of a

New York State registered professional engineer.

If the information that is provided in this letter meets with your approval, we will be glad to
resubmit it as an addendum or as inserts to a Revised Site-Screening Report. If you have any
questions regarding this letter, please do not hesitate to contact me.

HHH:jw
2-3269.22-L-DEC Request-990715-hhh
Attachments: #1-DEC Letter of April 8, 1999
#2-SAIC Letter with Lab Results.
#3—General Engineering Lab Results
#4-Particle-Size Distribution Study
#5-“Ferroalloy Production” (Metallurgical Industry), EPA AP-42 Manual (10/86)
#6-“Rocks and Minerals” Chapter 3: Earth (NY: W.H. Freeman, 1982)
#7-Ts Glass a Polymer?” (Univ. of So. Miss., Dept. of Polymer Science, 1997)
#8-Site Plan: Grade Stake Layout 5

Copies to: Mr. Ed Bredniak, CCMA
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NYSDEC Letter of April 8, 1999
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Mr. Edward S. Bredniak //,
SKW Merals and Alloys, Inc.

PO Box 217

Calvert City, Kentucky 42029

Dear Mr. Bredniak:
Vanadium Corporation of America
Site #932001
SKW Operable Unit 1
Site Screening Report

The New York State Departments of Environmental Conservation {NYSDEC)
and Health (NYS DOH) have reviewed the Site Screening Report prepared by LAN
Associates, dated February 17, 1882. We have prepared the following comments
that need to be addressed before the report can be accepted by the agencies.

] Section 1.0 Introduction - Supporting information documenting the physical
and chemical properties of ferrochromium and ferrochromium-sitica dust must
be provided. Basically, we need third party information, such as industry
reports that document the expected chromium concentrations and physical
characteristics,

] Section 2.2 Phase | Resuits and Discussions, page 7 - Again, independent
supporting documentation is needed for the particle size and amorphous vs.
crystalline discussions. Also, the location of the SKW baghouse dust
coliector, when the baghouse samples were collected and how the process
that generated the dust is different or similar to the former process at he
SKW facility that generated the dust found on the Witmer Road site,

L] Section 2.3 Phase ! Interpretation, page 8 - What is the basis for comparing
the total chromium to 700 mg/kg? The expected background for New York
State as reported in TAGM 4048 is 40 mg/kg. Therefore concentrations of
total chromium over 40 ma/kg san be considered “elevated”,
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Section 2.3 Phase | Interpretation, page 9 - The NYSDEC and the NYS DOH
are responsible for determining if the storm water discharged is or is not a
threat to public health or the environment,

Section 3.1 Baghouse Dust Removal, page 10 - Reference is made to stake
#477 for the location of the baghouse bags that were found during the IRM
project. You must explain what stake #477 is and include the site made that
shaws the grade stake location or eliminate the reference to stake #477, and

This document must be signed by a New York State Registered Professional
Engineer,

Please make the necessary revisions and provide the corrected pages for

inclusion into the Site Screening Report. If vou have any questions, pleasz cail me
at {(716) 851-7220.

Sincerely,

Dkt A 5 —~~

Michaeld. Hinton, P.E.

Environmental Engineer |

Division of Environmental Remediation
Region 8

MJH:lej

cel

Mr. Daniel King, NYSDEC, Division of Environmental Remediation, Region 9
Ms. Maura Desmond, NYSDEC, Div. of Environmental Enforcement, Buffalo
Ms. Karen Mauirano, NYSDEC, Div. of Environmental Remediation, Aibany

Ms. Dawn Hettrick, NYS DOH, Albany

Mr. Guy D. Van Doren, LAN Associates

{a:sitese1.wpd)






Attachment 2

SAIC Letter with Lab Results
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Science Appiications Inmternational Corporation
An Employes-Owned Company

January 11, 1991

Mr. Russ G. Trivedi

SKW Alloys, Inc.

P.O. Box 368

Niagara Falls, NY 14392-0368

RE: Results of Analysis of Ferrochromium-silicon Baghouse Dust Samples

ear Mr. Trvedi:

I would like to thank you on behalf of
information concerning the generation and t

control dust. We sincerely appreciate your willingness to take time out of your busy
schedule to help us obtain samples of the emission control dust. Our efforts to establish

reasonable treatment methods and achievable standards for the waste are enhanced by
your support.

EPA for providing us with valuable
reatment of ferrochromium-silicon emission

0T your information, I have enclosed a copy of the analytical results generated

€ samples provided at your facility. If you have any queston regarding these
analyses or questons on the project, please feel free 1o call me at (703) 734-3136 or Ron
Turner of EPA RREL at (313) 569-777s.

Sincerely,

STy mMppert
Chemical Engineer

enclosure

cc:  Romn Turner, EPA RREL
Ed McNicholas, SAIC
Tom Wagner, SAIC
Mark Colangelo, SAIC

8400 Westpark Drive, Mclean, Virginia 22102

Omer SAIC Offices: ARxsrserous, Baston, Colorsdo Springs, Dayron, Humssvile, L35 Veges, Los Angetes, Oak Ridge, Oriands, Paio Aho, San Diega, Seartle, and Tucson
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]

|

|

I DuﬂulﬂUth Calibration
] (ugr/L)
J

Slumiviam

i ﬂulmOﬁy
IRArseric

Tarium

! eryllium_
ICadmium:

‘falecium

Rromi um

leobalt T

i1.

v o — -

———— o ——
o s i e, e e

!
'Coppew~___l ______ 3.0
A N b 4,
bt_sad__ __ b 2.0
Imqghesvum_l ______ 1.0

Srganese_| - 2.0
Eroury_ 1 __ 0,z
INicRel____! ______ S.Q
Totassium | Y A=PRY
elanium__l _____ L. 0
ISilver I 3.0
'Qodiumh___l _____ 14,0
na1lﬁum I S7.0_

VZine

. . st s e

alybdernun
Thium

r M

——

lStrontium_

in_

. s e

=500Q.

SAaromiogmly

=

10,

O
13.0_
O

I .0
| 2.0
[ 3.0_
! 2.0_
! 1.0_
I O_
1 O_
;

Tun__
ui___

‘Ul

11.0

_____ 1.0
WUi____ z.0
ui_____ 7.0
Wi_____ g, 0
ul_____ 3.0
WUl___ 4.0
ur_____ 4,0
Ul 3.0
WUi___ 1.0
Wuil___ 2.0
U1 _o.g
U1 6.3

Ut 57.

It __

Wi_____=.o0]
U} Sae L)

e

WWi____ z.0
lut___ 1.w
Ui__2s00.

Ul
i

_14.7_
13.0_

.0

2780
—_—=h.0_
S.0_
_14,0_
0_

2.0

1u.u~

FORM 1171

IN

C = C 3 c Blank C M
l
L _t1.0_101_ 20.0_1_11_____ 28.7_1_11p__
Ul 1o ui_ 130 U _e4.7_ 1 1k _
e & PR N T S L 11,0 iUrp ~
ui___ Loo_tui___ Lo_tuni_____ 1.O_1Ulip_
ur_____ Lo_tui___ - Lo WU ___ 1.0 Ul e ~
i ___ Soo_tui____ 3.0_1Uuli_____~ 3.0_1urip__
ui_____ 7o0_1ui___ - 7.0 ___ 7.0_1utip_
i ___ soo_tui___ T 2L0_luli__ 2.3_1_lip_
Ui ___ 20_1ui___ 3.0_1ui____~ 3.0_1UliR__
i S.o_1ui____* .o 0_1___ 2.3 _1_11e
Ul il DU B B O 23.6_1_11p__
Ui _esio 101 2z.o_1ui_____ 23.0_tulip__
Ui _e2.s_ 11T 1.e_t1_11_____ 3.8_1_1ip__
Ul ___Eoin T S0 WUHI_____z.a” i TiipT
i ___ OLE_1ui__ O.E_1ur___ O.2_1uticyl
L S.o_1un T Seh_I_1i______ S.o_tulip_~
Ul S7€.0_1UI__ 341, L1 _376.0 1ulp .
WWi____=4.0 1017 24.0_I1UII____ 24,0 101 _
i____ 3.0 _1Ui 3 0_ WU 3o U e
WU t4.0 101 T4l 0 U 700771 _1eTT
WUl ___ s7.0 1ul S7.0_tuti_____ S7.o_1uiie
i __ 2 0_1ui___ 2O ___ 2 0_iulip__
i ___ S.o_1ui___ Z.o_tuni___ 1i.8_1_11p__
ui___ Soo_tui___ S.o_luni___ S.0_1UlE__
Wl Eo_tui_ T 200N T7.2T e _
P O I VT D L.o_tuii____~ Lo_1_tig__
lUI __2500.0" U] R 2500.0_1Ur1a__
Wl to.o_ o7 N I_1ia_
P I K R
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A

FIELD sAamMpLE NQ.
SFIKE SAMRLE RECQOVERY

A | SKW=-01
“lienmt  : VERSAR_DIV. =4 4 SRIC_MIN. _PROC. |__ ~me --r .

]
|
|
|
|
|
w
e
ct
)
L

Lab Name: VERSAR_INC. Coritral Ne,

(J
G}
-t
fi2

€ee—e Code: SAICEDAT Ratch: 11
latrix : SOIL

Level (low/med):

Cormcertration Unitg (ug/L = mg/ kg wet weipght): MG/KE

I

ICartraol
I Limit
Analyte I “R
) |

{

! Spiked Sample
|

|

l:lumihum | 75—

I

|

1

|

I
I Sample | Spike
Result (gsR) C! Result (SR) ClRdded (sA)

=
0

|
|
|
|
l — _ 1 b
125 0 ;8007.77_!_1____18139.55_1_!_ 2427.18_1 __ 243, O} _IP_
Qntimmhy _N7S=12s_ v __ 124.16_!_! ________ 1.85_1U] ——_388. 35_ 3.0l ID |
rsenic___ 175 —1=3 0 300.37_1_1 _________ 100 _1ui___3zaa. 35_;___51_5, P
arium____ 17 -i=25_ 0 ___ 354.85_1_i____ - 138.ae_|_|___194 17_1__11i.41_ip_4
Seryllium_17S-1as_1________ Ya7.1e 0 T O.SE_1_1___ 154, 17_1___7s.51" =
T admiam —— ‘/J i=5 V. 13:.60_!_i ________ O.BB_IUL___194 17_1___&8.81 [P
Valedium___ 175- 135_1___‘_~ll405.C9_!_1 _____ 74;4.18_1_1 1941, 7S_1__z0s.0] IR
iChromium_‘l7S—1£5_! _______ 2356.33_1_1 ~~~~~ 1362, 03 _ | I ___ 134, 17_1__357.51 !D I
‘Pabalt_“__l75 123 e N D 1.0 1 134, 17_1 _~72.81 IR
=pper____17S-125_1___ 304.63_1_! ________ 3.53_!_!_~_388 3E5_1___77.51 IP !
Favrorm ;____17:-135_1 _______ 3170.49_1_! _____ lESS.ESnl_! _1941.75 b ___38.11 IR
tlead_ 175—135_!________535.83_!_1 ______ 373.59_1_1___388 35_ l___C:.BJ PR
sgresium_|175-125_1__ 174019.41_1~1_~-131455.73_1 I__1341.75_1_=706. 9] _IE |
osmpanese 175-135 1 SIEE.TI_0_0__ 1314.33_ 114 _388.35_1__zo08. 4] l"l i
vaercury__~l75—LES e Leoe_v_v__ Velo_qut__ Q.37_1__10%.31 ICVI
ickel __ 17S-1zs_1____ £38.80_1_1___ "~ T 18,05 1 _1___388.25_i__ 7z.a) _IF
Svassium_|7S-izS5_|___ SEOS.EE_y_y__ S718.352 1 _i__1941.75_ l__128.11_1p_|
iSelanwum__175~iES e S08.04 0 v S.S1_1_1 __388.35 | —— /8.;1 ID |
’ilver____l?i-lai b t28.80_1_1___ T O.EB_IUI___lSA.l7 l_‘_/l.él R
oddum I TS-125_0___ ES7. 701 ___ T T77.87_)_1__3533. 98 ___30.01_1p_|
ITha‘llnm !TS—lES e EBE.91_}_1_______23.93_1_!~_~388.35 |___S3.81 IR
‘Uaraazum t75-125_1________ 151.38_1_1_ _______ 1.50_I_l_~_194.17 o _77.11 ID !
ine___ !73-125 e 8923.43 11 __ 3263 13_1_1___388.35 | 24,5 ID I
imclybdevium | TS— 25 1 __ 1:4.84_1_1 ________ Q.EB_]U!___194.17 l__ £3. 41 _IFR_1
FLithium e T 135_1____~___l7;.73_1_l ________ 1.28_1 | 134,17 I___BB.UI ID ]
Erontiam_ | 75— =5 312,30 L 107 37_!_!___194.17 l__10S5.5] lE'i
. in_“___ V7S-125_ 1 ____ FS2.B4_ 11 240, 38 lUl__-BBB.ES I__11&.6]| _A_1
.ChrmmlumVIl b —1.98 0 Q.79 O.43_ | _~24z4g| _tA_1
— | N N I b 1
ﬂinmEhtS:

FORM ¥ (paRT 1) - IN

"‘pr“‘-—



5] FIELD SAMRLE NG
DUFLICATES

|
I SKW—-01 ' p

C ient ': VERSAR_DIV. Z4__ Site: SAIC_MIM. FROC. |

Bt L DICTEREEIPY

L2 Name: VERSAR_INC. Comtrol Mo, S312____ Caode: SAICRDAT Ratch: 11

Matrix T S0IL

Level (low/med):

Concentration Units (ug/L o mg/ ko wet weight): MG/KG

!
| Control :
I Aralyte Limit Sample (3) Ci

{ [ I Pl 1
] I I Hl !
| P ! I I C
| I | L b
IAlumivinm__ | 1_ 12134.55_1_11_____ 1BE38.74_1 11 __40. 2 11 _1F |
PAYt imormy | [ t.es_tuny__ .27 _WUbt ___ 1R
IArsernic | P LOo_1ui____ t00_tuii____ L_1e )
| Barium_ | I 128.@6_1_11_______ E12.09_1_11__42.1_11_IF |
ClBeryllium_| i O.SE__ti___ OLB7_1_11__2S.2_11_1r_ |
ICadminmm___ | I QuEs_1ui___ QuEB_tui____ PR
ICaleium | P 74418 _1_11_____ 11103, 12_1_11__33.8_11_I1§p |
IChvamium__ | i 1Se2. 03 1 _t1___ E:ES.BB_I_I]__ES.E_II*lQ I
ICabalt | L Lo 0_vi____ LLSE_1_11__3%.4_11_1p |
ICopper | I ENCERSTCRN NI B .25 1 _11__18.5_11_1F |
| Tz | L 1265.85_1_11______ 1966, 57 _1_11__43.4_11_ip_|
|Lead | R g7z s3_0_1i_____ 401.60_1_11__38.3 11 ip |
IMagriesiuwam_1_____ ¥i____lEléSE.?E_l_ll___~188367.60_1_ll__hE.E_ll_‘D_l
IMargarese ! N 1914.33_1_11______ E256.13_1_11__3%3.4_11_Ip_|
| Meroury 1 I OL10_Guli___ Ouio_Uli____ ll_icvi
INickel | R 16 05_1_1i______ 26.33_1_11__48.5 11 _1p |
IFotassium_| I _E7i8.3E_i_1____ 121, 00_1_11__&1.1_ 11 _1p |
- 1Selernium__ | I SSS1_ Vv S.AT7_1_1h___007_ 11 _ =
1Silver | b DLEI_GUI____ O.ES_1uli____ PL_1E
! Sd 1 um 1 L TTT.8T_1_W__ L142.9S5_1_11__38.0_11_1Ig |
I Thallium__1_ I 23.83_1_1i_______ 14,44 _1_V1__43.5_11_|1p |
I Varadium__ | Ll L.So_i_vi_____ SLOE_I_1)__=9.5_11_1F |
[ Zire_ 1 I 3&8%.13_1_11______ 475714 _1_11__37.1_11 18 |
IMolybderuml Il QuE2_1uv___ = ST N D B e -
[Lithium 1 1] l.e8_i_1i________ 2.82_t_11__75.1 11 g
| Strartium_ | N LO7.37 01 LE2.QO_I_11__40.6 11 _1g |
I Tirn 1 I =40.38_1UN___ S43.10_1unt___ Fi_1a |
| Chrami umy T | I _lEo.Ts_y_n____C 125.33_1_11___3.7_11 _1a |
B | bi_ _l_1 N PL_t
FORM V1 - IN N

e e L
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INITIAL ANL CONTINUING CRLIBRATION VERIFICATION

FORM II (FART 1) -

Mercury and Furrace RA Metals 80-1

IN

G

BT

Tlient VERSARR_DIV. _24_____ Site: SAIC_MIN. _PROC. _—

Lab Name: VERSAR_INC. Camtral No. : 33l2____ Code: SAICRDAT Ratch: 11_

nitial Calibraticn Scurce: VRRIOUS_______

Cortiruing Calibration Scurce: VARIOUS __

Coarcentration Units: ug/L

! | | 11

! 1 Initial Calibraticr | Carmtiruing Calibration b
P Analyte | True Found  %4R(1) 1 True Found AR (1) Found %R(1)1| M
[ ! ! Il
{Qluminum__l‘__SO0.0!__486.59!_97.31___500.0!__484.0S!_SS.BI__SEO.??I104.81I':
iTntimony__l___500.0!__509.SlIlQl.?i_ _SD0.0I__513.94I108.61__535.491107.31ID_
1 Psenic___l_-_SO0.0!__515.15!103.0(___500.01__493.95!_98.8!__509.921108.0IID-
]Barium____l___500.01__515.411103.ll___SO0.0!__SlS.B?!103.41“_533.671106.7llﬁ_
I eryllium_l_‘_EOO.Dl__SOE.85!101.4!___500.01__511.551108.3 —-S028.711105.71 P
| admium___]___sao.OI__Sl?.18!103.81___500.0!__530.lOllOé.Ol_ r“"\:33.331J.O\’:':.‘/'lI'FJ_
lDalciumn__[_EOOD0.0!19879.37!_99.4|_EOOO0.0119657.87!_98.3130301.931101.5!ID_
l”hromium__l___soo.Ol__SES.BEllOS.El___SOQ.Ol__SEQ.ASI104.91__53 SE01107.81 1R
g abalt____{_‘_SO0.0I__EES.431164.71___500.0]__585.03!105.0!__541.571108.31ID_
ICapper___ | 50“.01__512.651102.51-__500.01__519.?311@4.0!__536.lBIlD?.Ellp_
AT ranm 1 500.01__499.621_99.9!___500.0[_‘499.411_99.91__510.18]103.01lD
bVead__ ]__1000.01_1050.80!105.l!__lOOQ.O!_lDEé.BSI1OE.SI~1046.991104.7!IQ_
lmagnesium_f___soo.OI__SO?.16l101.4!___500.DI__SIB.631102.7!__535.78!107.21lP
IMangahese_l___SO0.0L__SO&.131101.6P~__500.01~_510.901lOE.El__SEl.S?I106.31ID_
I 2rcury | S. 01 4.701_34.01___ 5.0l__~~4.76!_95.31____4{581_91.61ICV
Iﬂickelg__~l___SOﬂ.OI__SES.SOIlQS.1!___500.01__526.531105.31__544.87!lO?.OIID_
lﬂotassium_l_EDOO0.0l19393.341_96.51_3000@.0&18646.10!_93.3118953.73!_94.8!ID_
lvelEHium__l__EOOO.01_1961.631_98.ll__EOQO.QI_lSQB.50!_87.5!_2010.451100.5!ID
| ilvew____l___SQO.Dl__SlE.S?!103.5]___500.0!__500.16110@.0(__523.761104.8!IP
ISDdium____l_EOOOQ.OIEOBO?.731101.5!_20000.0]30043.53!lOO.ElEOSO4.95!lO°.SIlp_
l'hallium__l__EOO0.0l~1853.38!,93.2!__300@.DI_EOEE.ES]103.3!_1885.371_91.31ID_
! ahadiumh_)___SO0.0!~_501.87l100.41___500.01__502.16[100.4!__5;3.90]104_811p
Zinme ! SO0.0]__SOE.BSIIOI.31___500.01__497.851_99.61__517.811102.41lﬂ_
lmolybdenuml__aooo.01_1940.871_97.01__3000.01_1982.881;96.11_1989.87!_99.51IP_
E ithium___l__EOO0.0I_EOSO.94!104.01__2000.0[_3064.49!103.3!_2117.131105.911D~
”lutPOhtium_l__EDOO.DI_EOSS.68!103.8!__2000.01_2094.611104.71_2179.57110?.0!lﬂ
lTih____~~_1_ESQO0.0 84667.38!_98.7!_85000.DEESBEB.El1101.5185369.311101.51IQ_
I hrmmiumVI1___100.01__119.851110 8!___100.0[__111.991llE.Ql__lll.??i113.0!IQ_
] | ! I _1 ] ! | i
Y1) Camtrol Limits:

205 ICF Metals S0-1103%



Client :

Lab Name:

VERSAR_DIV.

VERSAR_INC.

INITIAL

=2

Initial Calibratian Saurce

Continuing Calibraticn

Concentratioh Urit

Source:

Cartral Ne,

: VARIOUS_

=

s c———

S

Site:

Co

de: SAICRDAT Batch:

ug/L

SAIC_MIN.

+--D CONTINUING CALIERATION VERIFICATION

—FROC.

11

————

! |

|

I x—

Comtrol Limits: Mercur

Y and Furriace QQ Metals 80~

FORM 11

(FART

1)

IN

— . st

—— . .

| | I
] | Initial Calibration | Cuhtlhulhg Cali ibraticr ]
] Arialyte } True Feouang “R(1)] True Fround “R(1) Feund “RC(1) 1 M
i e _— i
AT am i rm N | e 500007 __332] 871_33.41__183.357 _37.3115°
[Ant 1mur:y | ! __] —— e _500. 0 I __S30.88] 106.1 I __Z&27. 881105, 5 | =i
TArsenic | | I — 300, HI ~517.861103.6} 3 1.061104.°IED_
lBarlum___~l | b1 _S00. 01 -31Z.301102 .81 _ 313.12!108.6!!&_
lBeryTllum | b —— l___SOO.QI _S07. lUI1Ul Al 409.77IIOE.OIIP*
Cadmi um____: ________ e P ___500.01 Sz 31108, 41 S10. 2111082, olie_
Calcium _— ! I I _mUUQ.J!;O;u&.?&!lUl.uldOOO:.UEI100.0}ID_
lCHrumlum__l ________ D b L _500.0] S30.331106. 1 _SOE3. €81104, 71 1
'‘Cobalt___ | | __ b I___S00.01__s30. 441106.11__sz¢, 83!105.4!1‘_
Coppew~___!___ I e b___S00.01 ~O268.571105 » 31 418.451103.3115~
I Iram —— I —— l___SOO.D! -4398.74 oo, 7" _430.03] 98.0]!?_
lLead____ I_ J — _I_____l__lOﬁO Q1 luUB.UBIIOu.BI 1031, 54liﬁ:.g! -
Magresium_j___ e D I ___S00, Ol __S11. 04110z, 2 ~_90E. 7111013
‘Marigarese S o ___I~____l__ 500,01 _Il6. 87]103.Al 410.581105.111?_
lMe“cu“v___I _________ e e e 3. Ulg___é 821 _36.4 ~__4.881_97.SJID
NleaT____l e l____-l___qﬂu Ol __3533. 8811U6 81 =Q, 931104.2!!D~
Fotassiam | _ I_ - } I _E0000, HIl?qu S11 99.ui‘884:.501_94.allp_
ISelanﬂum__l ________ e e I __2000, o] L~C)S,.’B’Sllnu.— _1577. £41_38.31p
Silver 1 ! _~|_____l_~_unu Ol __530. E11106. 1 qlS.BSIlOé.OliD
Sudium____l_ _ I_ — I _20000, Qlzozz7. Seli1ot, 6!1980;.081_99 OLIR_
Ithallvum I I ! 2000, 0] _=2l4a5, 41[107-u1_1966 461_38.31 1
Vanadlum__i _____ | I ! 300, 0 o086, 081101.21__498 871 _33.81 1
Zing’ I ! | I S0, Ui~_509.661101 Qi__é?@.“ulluu.ollp_
lMolybdemuml 1 | - 12000, 01 19453, 59, -97.31_1316.771 35.3) 5
Meithium___ 7 | e _2000. 01 2074, 121103.71 2047, Slitoz. sy e
Stramtium_ | —_—— 1 ! -1 2000, 01 _z004, E21100.21_z001. 11100, 11 6°
coTin___ — I_25000. 025525, 701102, 1) -23000. 0128870, 7u]l”7.u]24854 871 _93. 4119
lChrwmlumVIl ~~_JU..I- 30.631101. 4 ——_50. U!_~_49 £31_99. 3 __uO.DDIIDl.“llQ_
: I I

1=0; I1CP Metals FO=-110,



’_?liEﬂt :

VERSAR_DIV.

ZA
INITIAL AND . CONTINUING CAL:I

AT

_E4

ION YERIFICATION

FORM 11 (p@RT 1

IN

———— Site: SQIC_MIN._QRDC._
Lab Name: VERSAR_INC. Cartral Nea. s 3313____ Code: SAICBDAT Ratch: 11_“___
mitial Calibratism Smurce: VARIOUS___
C@ntinuing Calibraticrm Scurce: VARIOUs___
Comcertratiar Uriits: ug/L
r ! l P
| i Initial Calibratise I Cantinuing Calibration 1
! Qnaly‘ce | True Fooand “R (1) ] True Found %R (1) Faund AR(L) I M
| | ! I
AAlumiviam_ | x | | SOQ.O!__489.301_97.91__497.741_99.51!E~
Pt imany | I b 1___500.01__581 721104, 31 _ 518.361103.7IID
[ rseric__ | I_ I ! SO0, 0 _Si8. 111103, 6! S11, 2l102.311p
IRarium I ] | _I___SOO.QI__SIB 381103.71 SlE.SlllDE.Sl!D
eryllium_| _ I_ b b S00.01__s14, 621102 9!__510.7BIIOE.EIIE
“ admium~__l___ I — l___SQ0.0}_ 524.831104.81__524.061104.81ID
iCalcwum e e b I _Z20000, UlEOEOl.EEllOl.0130141.731lOO.” =
CThromioum 1 L b1 uOU.Ui__SEE.OQl1QS.EI__537.00I105.41ID
obalt__ I —_— I~_~SO0.0I~_SEB.37I105.71__589.92!106.0!ID
ICopper____lbnﬁ_ I e l___:D0.0!ﬁ_ilB.Ol!103.6!__519 57IIOU.QIID
CTronm_ e e b I ___S00. Ol __438, 141 393, &1 __S00.37] 100,21 1R
Sad______ e I - ! LOOO, O 1Ou,.¢41103.31_1014 70llOl.ullD
lmamnes:uun ] | - 1 1 SQQ, Oi_____:ll.S?] 108.31____510. 83110z, 2 H:‘
Mangahesa I — L b I_ DOO.Dl__SlO.ESllOE.Dl__SlE.BOI103.6!ID
ercury b SOl _4.781 3581 S. Ol ____4.371_33. 4 —— 4371 _39. 41 10y
lickel j i ] ' __500. 01 __S22.89)1704. 6 -538.431107.71 1@
lFotassium_ | 1 b I_20000. 0113033, 801 _3s, b119¢15.04|_96.511p
=21 nnlnm__i 1 _ P 2000, 0| ~-2003. 851 100. 5] -13%z2.%21_33.¢61 1"
ilver I | ! ! S00.01__s519, 481103.31__sz0. 20110401 1
lSndium___ ! ! I_ [_20000, UIHH 84.361101, ¢]198;u-u61_99.1llp
Nallium 1 _ b F__Z2000, Ql_2041.821108 .1)_18q8.451_93.911p
snadium__ 1 _ I | | SO0.0l__499.88£lO0.0Ia_SOB.EOI100.6 =
,1nc —_— I _ (. _l~__SD0.0I__SO4.0BX100 81_ —S05.531101. 111"
' yodenuml__ _ ] F__2000, 0| -1528.361_386. 41 _ 920.97I_96.0I!D
;1 ;m1um b e !_‘____I__E‘DOO. 01 _2073.491103, 7 l_2041.801102, 1 ik
lburﬁhblum ! ! I l_~EOOO.DI__U_6.uul1Ul 31 uOOD 4allUH.ullD
STinm___ T 1 | I | 25000, 0124518, 661 _3a, 112351%0.681100.81 14"
;(1PﬁmlumVTl YQO.QI~ 1HS.34]1U5.31___LD0.0I _loa, 4”!108 41 __109. 421109, AIIQ
o ! 1 I | x ! | b [
Cormtreol Limits: Mercury and Furnace an Metals BQ*lEO; ICP Metals B0-110;

|
!
|
!

!
]
!
I
I
I
!
I
I
!
!
!
!
I
!

!
|
I
!
|
!
I
I
!
|
I
!
!
|
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=A

INITIAL ANy CDNTINUING CALIBRATION VERIFICATION

) Contral Limits: Mercury and Fuyr

race AR Metals 80—-120;

FORM II (RART 1) -

IN CCne:

wlient VERSAR_DIV. _24__ Site: SAIC_MIN. _PROC. —_—
'Lab Name: VERSAR_INC. Comtral Nio. 2312 Code: SRICEDAT Eatch: 11
nitial Calibration Source: VQRIDUS_____~__’
Cormtirming. Calibratian Saurce: VARIOUS__
Corcentration Units: ug/L
| | ! I} !
! ! Initial Calibraticn | Conmtinming Cali ibration I i
I Analyte | True Found %R (1) True Foung AR(L) Faund RCIYLT my
| l I P
IATuminum__ | I I I ! ! ! I F'INR |
I nTimary | | ! 1 I J l I INR ]
I.rsernic [ | ! 1 | | J ! _TINR;
IBarium | - I I | I I F__ S FINRI
Peryllium_| | | 1 ] I I i _LINR]
I admium_ | | I_ | | | I I_ ' INR |
lCalc1um | ! ! 1 I J I S [INR]
. hrﬁmlum | | | — _ | - N FINRI
| obal: l_ ! Vo b I 1 { _— FINRI
ICoapper I ! I_ S - | F_ S FINR
e i I I _— I | I | _TINRI
I ead ! ! | 1 1 J l S I'INR |
IMagriesium_|_ ! ! | | 1 | b L INR I
!Manganese | l I P | ! I ! __TINRI
I ercury | | ! I S5.0H _———4.841_36.8] S Q2110061 10V
fivickel I I i S I I_ I N [INR |
IDH»aSS’Hm | | b b | | ] I _ ' I'NR |
elerium__ 1| ! ] | N | | b _TINR]
Foilver | ! I | _ ! ! ! T INR
PSadium____ | | ! I_ _| ! ! f FINR
b hallium__| ! ! ] ] | | I - VINR]
" anadium__ | I | I I l g N FENR |
' Zinc l ! I ] | | ! I —_VINRI
Mzlybderium | | ] e e | _ N FINRI
ithium | I I 1 —— | 1 e FINR
IStromtium_| I I 1 I_ | ! N I INR |
Tin ! I | b I ! | - e _1INRI
SoAromi umVI | ! | | __ ! I _ FINRI
1 ] | ] I ! | ! ! f

ICF Metals S0-110;



zA B
INITIAL AND CONTINUING CALIERATION

VERIFICATION
Client : VERSAR_DIV. _&4___ Site: SQIC_MIN.~DRDC.* _
~ab MName: VERSAR_INC. Comtraol Na. S3l2____ Code: SAICBDAT Batch: 13
Initial Calibratior Scurce: VRRIOUS_____
Coartinuwing Calibraticr Source: VARIOUS ______
Coanicentraticn Units: ug/L
! | | 11 ]
I | Initial Calibraticrm | Coritinuing Calibration P I
Arnalyte | True Feound BWRO1) True Faund #RL) Found ARCLY L My
. | . | ! !
Alumiviam_ | ! | | | I ! i I INR1
S AnmT imary | | b | | | ] | FINRI
Irsernic__ | | ! b I ! I | FINRI
I Barium ! ! b I__ ] ] | ] I'INR
"Reryllium_| I D b I | I | [ INR
Zadmium ! | _ I I _ I [ ! | MR
tCaleium___1__ b N I I | l | FINRI
' Chyaomiam_ ) I b b | ! ! | I INR
cobalt__ 0 e o b P 1 | b _1INR!
1 Capper I b N b I I ! b FINRI
+ HIrar | i — b | | I | FINR |
_ead______ b I | | N ! 1 _l __1INR]
~Aagresium_|__ | | S I I ! | FINR
IMarigareses_| i ! | I ! ! b _ _PINRI
Tercury__f ! ! N SO0 _4.371_33. 4} | Licvy
Nickel _ | | | | I | x I I INR
IFotassium_| ! I I I | ! | FINRI
‘Selenmium__|___ | I I ! ! | | FINR |
Silver ! ! [ | I I | I FINR
i Sadium ! ! | I I | I ! _PINRY
"Thallium__| I ! | I [ { 1 FINRY
varnadium__ | ] ! | . | | ! ! _TINRI
VZivie | | | | I I | | IINR !
iMzlybdenuml ! . ! I I | | __PINRI
~ithium___ | I S i 1 | b I INR1
T 3trantium_ | | 1 I ! | | N I INRI
A Tinm | ] ! I_ | I I I _UINRI
ShromiamyI | I I . | ! ! | FINR]
o | ! _ I__ f__ | | | b L
i Conmtraol Limits: Mercury and Furnace AAQ Metals 80-120; ICP Metals 20-110;

FORM II (PART 1) - IN

)
~
)

b
-
<



FORM 1

I {FART 1)

IN

Client : VERSQR_DIV._E4 ______ Site: SQIC_MIN._DRDC.____Q
Lab Name: VERSAR_INC. Comtral Na. : :31&__~_ Code: SAICEDAT Batech: 11__~__
Initial Calibratior Seurce: NES___
Continuing Calibratiaon Scaurce: NBS
Concentration Urnits: ug/L
~ , - i T
! J Iritial Calibration | Continuing Calibration b1 I
! Aralyvte | True Found ARO1) | True Fouang %R (1) Fiziand AR 1 My
| - I —— T P
PAlumdyviam_ ) I I e . L —————— PINR |
FAnt imarmy _ I — . — ' e b FINR |
{1rsenic__~l_ o ! — e e pe— b FINR
uJarium~~__l ________ e e e e b e e FINR
IBeryllium_}_ I — e e e b e !_____IINRE
i :adrni um____‘ I ——— | - - b e S b e b I'INR I
'Iﬁalcium‘__l__ _ | S e e b e b FINR
jChromium_~l~ | 1 e o b e b FINR
'LTDbalt__‘_} ] ——t e e s b FINR]
2l “pRer__ 0T e b e b ] _ _— I'INR!
Floan____— F1S0000, 0 144203, 5 S6. 1) 130000, o) 133640, 1 102, 4 153207, 2 106, 1 PR
i Ead““—___[ | b e e D e b I'INR |
] agnasium_p_soooo.Ol#?Sll.:?l_?S.Oi_SOOOQ.Ol49430.AE!_98.9l50667.631lOl.BlIP_I
tmarigarese | ) —— e ! ! S FPINR
I Mer{:ur*y__ I I - b e e b e b FINR ]
‘ickel 1 I I b e b ——— FINR
Lrgtassium‘] I | ——t e I_____~__l _____ P b F'INR
!Selenium‘_!_ ! N e e ' ' — e __TINR]
_ilvsr____i ! F_ | _—l 1 e b FINR
113dium__~_!___ | I _ I 1 | ! — FINR
lThallium__! I I_ l________l_ —— ] b e FINR |
”anadium__l ! I_ e e I_ 1 — e FINR |
Imo__ I l [ e e D e e e __1INR]
£M01ybdenum1_ ! F_ e D | ! — FINR
ithium__ 3 _ e e e b b b I INR |
__:E R it 'R o i l,lm__ I | - b b e } - !__ — — b I NR |
;]1n_~§ _ J ! e e e e e e _1INR}
LhromigmyT | I b S I e T e _1INR]
f_u‘_~‘__~_1 B I S e b I —— 1
Cormtraa Lihits: Mercury and Furrnace an Metalg BO~1EO; ICP Metais 90~110;

]
D

[R



=A

INITIAL AND CONTINUING CALIBRATION VERIFICATION

Flisnt  : VERSAR_DIV. _24__ Site: SAIC_MIN. _pRac.

Lab Name: VERSAR_INC. Comtral Nao. S3lE____ Cade: SAICBDAT Batch: 11

oo

———

cInitial Calibration Suurce: NES

Comtirnuing Calibration Scurce; NBS

LCaomcentratian Urnits: wug/u

Initial Calibraticon Cartinuing Calibration

I ! I
I ! bl !
Analyte | True Found  %R(1) | True Found %R(1) Found %R (1) Mi
. | ] I !
lﬁlumihum__l | M N I _ | I | I'INR
; f')nt imc,ny__ | | 1 | - | | | I _INRI
!lrsenic___l I _ 1 1 _ I_ ] | ! FINR
FRarium | | | b - I ! | I I INRI
LTGPyllium_l _ I - ! ! ! I ! | FINR
Iladmium___l _ | . _ - I I | | _TINR!
ICalcium___ | I__ b b 1 L 1 I I INR
’Lﬁhromium‘~l I I e i _ I ! | __INRI
ebaly 7T I | . | | | b I INR
!Egpper____l _____ b 1 e I ! ! — FINRI
Piron__ ! 1 | _JISOOOQ.QIISSBEB.1!104.0!154414.1110:.9[ID_I
lead__ I | ! e e ] ! I ~_VINR]
fhagresi um_ | e I__ —— F_S0000., 01508933, 0S51101.814373¢6, 38 “32.811F
IMahganese_!_ __ b I I ] ! b FINRI
I ercury_ | I I I I | l I _TINRj
luickel_~_~l___ J ! e I | ! I _ ~ I INR]
lpmtassium_I — I _i L | I ! | _PINRI
I@elenium__l I ] ! ] I [ I FINRJ
Clhrilver I J —_ | ] | ! [ ! I'INR |
' Sad i um b_ ]} ! N | ] I ! —_FPINRI
'lfhallium_wl___ | f_ l | I I | —-INRI
I anadium__| ! I __ b I | N b FINR]
'ive _ I | 1 I ! I b FINRY
lleybdenumI_ I I e | I ! b FINRY
I ithium~~_l___ I 1 P —_ I I b FINR
'WQtrontium_i_ I b b ] I I ! — PINRI
Tin_____ T~ I__ I ! —t | | | N I INR I
CoareminmvIil_ | x l | I ! | —_VINRI
% ! ! I ! I ! I !

) Caritrol Limits: Mercury and Furnace an Metals 8O- 203 ICP Metals BO-110;

FORM I1 (rART 1) - IN

D
]
D
[



ZA
INITIAL ANp CONTINUING CALIBRATION VERIFICATION

Cliert . VERSAR_DIV. 24 ___ Site: SAIC_MIN. pRroc,

.;ab Name: VERSAR_INC. Cartrol Neo. 231z Code:

SRICEDAT Ratch: 11

Initial Calibration Scurce: NES

Cohtihuihg Calibratiarn Scource: NES

Carcertration Uriits: ug/L

i ! N
! | Initial Calibratice | Continuihg Calibraticon I ]
Aralyte | True Found . %R(1) ] True Found AR Found ARCLY T my
! e —_ P
IQluminl.xm____l | ! I_ S | — b I'INR |
LArmt imary | _ | I_ . e b e D ' INR
)T“SEﬂiC___I { _ ’______ e e ]_ o — F'INF
IBarigm e b e e ] ! — LINR
Iﬁeryllium_l ! —— e D e b FINR G
liadmium___l ________ I i e e | F_ N FINR
lcalcium_~_|_ ] I B e e | I_ —t FINR
:iChromium_‘l I D e e b e b FINR]
;ILobalt‘___l _______ e b e e I I —_— FINRY
Wvopper____i ________ e b e e b e e FINR!
HIrecm I ] b ILSOOOO.DI154343.9l103.91155443.91103.61ID~§
Coead____ | — b e b I b | INR |
1 agriesi am_ 1 | 1 I _S0000, 0l43388, S41100, O 30208, 74 100, 41 P_1
IMahganese_1_~_ | b e e __ I —_— FINR
“Er:ury I I ! I__ — 1 I - _l___~_l}NR§
ickel | I I b e b I_ ! e I'INR |
lpotassium_l ] 1 e b !_____l ________ D I''NR
':ElEhium__I _ | | e I _ | | I I'INR |
ilver____i ! | e e | | ___I_~___IINRI
loodium | | — e e l_________ e b I'I'NR 1
lThallium__[ | | e e | ! e FINR]
anadiuam__ | ] b e D ! - N I INR
foine | i | e e | I _ N ' I'NR
lMolybdenumf | I _ e ] _ I __ ! N FINR
Plthiam i | —_— e e b e e FINR]
$$:rontium~i_ ! | ] — 1 | _—t F'INRI
ITin__ | ] | e b ! ] b I INR ]
;TWPDmiumVII“ I ! e e I __ ! S I'INR1

: l ] | }

T . i s, e i s s e e e o s

Control Limits: Mercury and Furrnace ag Metals 80-1z0; 1cP Metals P0O-110;

FORM II <RPART 1) - 1n C

(o]
(3]



Client
ab Name:

TCF ID Number:

: VERSAR_DIV. =4
VERSAR_INC.

4-JA_

&4

ICF INTERFERENCE CHECHK

-t s . s

Coritral Nea,

]

T
e L

I

1140

Comecerntration Uriits;:

—

Site: SQIC_MIN.ﬁDRDC._

Code:

ICS Scurece:

ug/L

SAICBDA

I.V.

——— ot

T Batch:

Sal S,

AR

I
!
ol !
|
I

Initial Found

|
|
I
|

“R

Final Faound
Seil.
AR

|
!
I
AR |
|
!

|
VRlumivem__1__ _S000001 ___ |_s8&081.41 _37.21__ |_432322.2/_sa.5
RArt imory | I_ b b ] | | I _
I Rrseric I | | _ I | | | ] !
PBard um_ | I LS00 1 S00.61100, 11 I Slz. 11108, 4
IBerylliua_V______1____Sooi_____ bl _433.21_87.9] ! 434, 11_30.8]
ICadmium ! i 10007 _ ! Z11.51_391. 2] ! 314.71_31.35
tCaledium___1__ F_Sooooor b_483735.851 30,71 __ I _463440.2)_33. 2
iChromium__1___ I____Sool____ b __S0E.11101. 2] | S13. 41103, 3]
ICobale____1__ b____S001__ | 443.81_88.8] | 460.31_32, 2]
| Capper_ | 1 So0l__ | ___438.71_87.7] | 448.01_83, &
| I 1 L_zoooo0y __ |_178401.3) _s8.21_____ | _180486.3) 30, =)
IL=ad b bo__toootr___ l____?3ﬂ.7l_93.51__ ! B44.71 34, 5
IMmagrnesium_1|__ P_SooooQy l_4&2473.21_s2.51____ 471734, 11 _54, &
IMariganese_1__ p—— sl B e __433.11_30.61 | 468.31_353. 81
IMercury [ l ! I _ | | ! b
INickel _ | L___10001____ | ___304.41_30.41_ ! 2. 11 _52. =1
!?Dtassium_! J b | _ | ! ! 1
ISelerdium__ | I ! | [ S | I i
[Eilver | I 1000 ! 834,41 83,4 | 524,21 _5z2. 5]
PSadium_ J L I I | I | b
ITThallium__ | I N S D 1 ] | I
I'Varadium__| ! 001 _ ! 435.61_91. 1 I 468.11_33.8]
lZirne 1l ] 10001 _ I S11.01_91.1] I F24.01_32. 4]
IMalybderium | 1 b (O _ ! s b
TLithium I ! I_ A I ] I ] !
FSTromt ium_| I b | I | I b !
| Tir R b b b b e b
FChromiumVI | I I —_ | |
! !

! !

! ! ! ! -
. cnes s
FORM IV - IN T



Client VERSAR_DIV. &4

-ab Name: VERSAR_INC.

Sclid LCS Saource:

LARORAT

e Tt e s e o

-

ORY CONTROL SAMELE

Cortrol Neo, s =21

iquecus LCS Source: METH_SFK__

- el A DL

SQIC_MIN._DRDC._

SAICEDAT

D

Batch: 11_

— e,

i

I Analyte True

!
|
I
—_ |

Rguecus {(ug/L)

!
I
!

Saolid

(mg/kg)

Faound %R True Froiand cC Limits %R
|
.Alumihum_~lEDOOO.Ol18553-471_93-81 I I ! — __I_-
1Qntimgny__|_4ooo.01_3754.131_93.91_ - | I_1 ! _—— T
rsenic | 1_4000.01_3753.381 33,8/ 1 N I i
arium____1_2000.01_1538.241_36.51 | | | I
lBeryllium_!_EOOD.01_1831.681_91.ll_ | IR I i
admiun___1_2000.01_1801. 841 30,11 T b L i L
;aleium___ 120000.01 1855, 8il_3sz.81__ I_ I B b :_
JEnremiue__ 1 _2000.01_1330.571 38,51 7T ‘e I P
Ebalt 1 2000.01_1828. 141 31,41 07 e b I \
epper____1_4000.01_3861.75] _91. 5 e T z L
Civar__ 1200000118186, 421 _30.31_____ Ve b I T
lead___ |_4000.01_3547.811 _88. 7 | I ! -
1agnesium_lEOOOQ.Ql18640.131_93.31 I_ I _1 1
ldangahese_1_4ooo.OI_ESE?.SS!_?Q.?I ——— ] I_1 ! —
lMercury___l____E.Ol e 2. 001100, 0] I I_1 ! I
Ilickel____l_éOOQ.DIQEEEE.OOI_?O.6!_ P [ | _
‘otassium_ 20000.0117758.181_88.81 ________ e b I I
lSelemium__l~AOOO.Q!_EEO‘.BII_SO.ll_ I 1 | _
'?ilver~___l_EQO0.0l_lGBS.?SI_Bé,EI I 1 | i
Piedium___ 138400, 0135482, 251 57, 5 __ I 1 1~
'Thallium__1_4000.01_3385.771 84, 1 | | RN l__ L
Wanadium__1_2000.01_1846.551 5z, 3| 11 R
'Iinc;;__u_l_éOOD.01_3477.681_86.91 I_ S L
‘malybdenum | _2000. 01 _1782. 501 86, 1 | | T b o
ILithium___l_EOOO-01_1955-391_97-5' _ I [ b b
Potraormtium_ [_2000.01_1358, 585 -37.81______ ! bl ! _—t
in__ 1 a000. 0 _3883. 401 _99, 1] ! —_— e b
lChromiumVI1___50.01_~_SE.751105.5! I I_ D b
e I I | I _ e I I _—
Lre-= .
FORM VII - IN S



L.ient :

VERSAR_DIV.

24

LAECORATORY

-
CONTROL SAMPLE

——— Site: SAIC_MIN._PROC.___
L .b Name: VERSAR_INC. Comtrol No.: 3312 ~—m—w Code: SAICBDAT Ratch: i
Szlid LCS Saurce:
f ueacus LCS Scurce: METH_SFK__
] | l
I | Agueaus {(ug/L) I Salid (mg/ko)
I Analyte | True Found R True Found c Limits %R
| ! |
Fuminam__ 120000, 0118070.731_30. 41 ___ | I | 1
tAntimony __ 1 _4000. 01 _3&44.111_91, 1| [ I l |
Ifsenic___ 1 _4000.01_3634.481_30. 3] I (N ! l
lzyrium____; S000.01_1307.031_35, 4 [ Il | ! B
PBeryllium_| _2000.01_1870.05]_33. 5] | bt ! |
ICadmium___1_2000, 0l _1736.101_83. 81 [ P ! |
i(al:ium 120000, 01181 73,0141 30,30 __ b P l - l___::
anromium__l__UUQ.Ul_ldla.191_95.9{ ________ f 11 I N
lCobalt____i_EOO0.0i_lSEL.SSl_Bl.ll ________ e I ! _ b
I(3pper____l~4000.01_3644.771_91,ll - ! F_ 1 I b
lorem__ I20000. 0118033, 261 _30.51____ b I ! |
iLead______ I_4000.01_3513.001_88, 0 ! I ! —
I agresium_ 1_9000.011”*09 W31 _52.5 ! I I ! _
' arnganese_|_4000. 01 _3605. THT_B0. 10 ! P ! M -
[Mercury I 2.0l 2.021101, 01 __ ! I I b
Iickel__ 1 _4000.01 _3&847. SO1_91.&1 I__ I l |
I xtassium_ 13@000.91166U6.781_83.0! b __ b1 ! N
ISelenium__1_4000. 0] _3604.351_30. 11 __ | b | —_——
ISilver__ i_-’OOC).Ql 18353.601_8z. 81 I I I b
boxdium__ 138400, VI34554.311_95. 21 1 b ! |
ixnallwum F_4000.01_Z2063.301_76. 71 l I_ 1 | b
lVanadlum -1 _2000.01_1883.6&1_31. 21 l I_1 l |
l inc___ -1 _4000. O1_3503.131_87.¢1 ! f_1 S B
llydehuml =000, 01 _1655.331_82. 81 l b ! I
thhlum |_2000.01_1300.711_95. 0| | P l b
!-urunulum b_2000.01_1325.181_%€.31________ | P I_ —
boim__ I_&000.01_4357.881108. 31 __ ! I ! I
'WChramiumVIl___S0.01___S2.731105. 5] 1 11 ! _ —
I ! | ! - ! Pl ! R
COCz:
o
FORM VII - IN



Client
Lab Name:

Matrix :

Level

Covicentraticn Uriits

Colar Refore:

Slor AFter

Commerts s

TCLF_EXTRACT

VERSAR_ INC.

: VERSAR_DIV. =4

TCLF EXTRACT

(low/med) :

e v o s, o s

Cortrel

i

0ORGANIC ANALYSES pipTa SH

- -
LRSI ey

N 2

(ug/L cor

T

FIELD SAMPLE NO.

|
|

Site: SQIC_MIN._DRDC.'I

SKW—(1 I

Code: SAICEDAT

Lab Sample 1D

Date Received:

—— .

[ |
I Aralyte
! |

ICoricentrat loniCl aQ

— e

o |

P I
7429—90—5_IQlumihum__l__~_____:I§§o]:}::::::;E“
7440—35—0_Iﬁntimohy__] _________ EE.E}_J ______ IF_
17440—38~E_1QP52ﬁic___1 __________ BOOlU]_ E_ =
1 7440-33-3_ | Rarium e 5981_1~_____ID_
l7440-41—7_l5ery11ium_! __________ L.otur __ IR _
17440—43—9_!Cadmium___! __________ E,QIUI____ |
f7440~70~E~lCalcium___! _______ 563001_1 ______ [P _
!7440—47—3“1Chr0mium__1 _________ ED?Q[_] ______ =
174AO~48—4_lCobalt‘___! __________ S.0lul__ =
17440—SU-D_ICGpper____I __________ S.O]Ul____‘_lﬁ_
17439—89~5_IIPGW ______ e d.01010__ R
| 7%35-52-1 Ilead______ e QO.EI_I______ID_I
17439—95-4_1Magh951um-! _______ 2Ss0001_1__ PR
IT#BS—SS—S_IMahganese_i _________ SO801 R
l?éEE—??-S_IMercury___! _________ VezQlur__ ICV1
ITA&O—QE-D_INickel___;I _________ S3.El 0 IR
| 7441 2 _lpatassium_l _______ SE3001 _1__ =
P 7 k _ISelenium__l _________ €8.61_1___ IR _
i7 ~1Silver oy __ 7T S.Otur_ TR_1
17 _ISadium | ——=tesoar v __ PR
17440—35—0_!Thallium__l _________ S7LOoMur__ IR
IT##O—SE-E_!Vanadium__l _________ .S _v__ IR
e S 18301 _1____ =

_RESULTS;

!Lithium___l
lStrQﬂtium_l
I Tir I

T T e e . e e s s e e

mEne

T i ., s st . st s .

o . o s s

s . . s e s s

e e e, o s s,

Batch: 11
: TZ8as7

08/18/30 .

mg/kg dry weight) : UG/ _

I

1
__S4.dl_'___“_*lp_
——-&%8i_1_____ IR _
—==5001ur___ IR _
S A N FA_
______ I_I____~~l__

CLEAR_ Texture

T S it e . e e .

——_._....——.__—.__._—...—

COCey



—

BLANKS

Clisnt : VERSAR_DIV. z4__ ' Site: SAIC_MIN. _FRoC. _

-ab Name: VERSAR_INC. Comtraol Na, S318___ Cede: SAICBDAT EBatch: 11

‘reparation Blank Matrix: TCLR EXTRACT____
Freparation Elarnk Corncerntrat ion Uriits ({ug/L e mg/kg) : U/ _

Initial
Calib.
Blank

| 11

| Il

{ Caritiruing Calibration Il

| Elank (ug/L) 1]
Arialyte | (ug/L) > = !

|

|

]

!

|

1 C = c

Q]
0

-
!

!

!

I

!
Lo
I

LOLO_turia__

——— |

]
!
|
!
}

_ _ b br__
lumiriam__ _ b e 1 bt 11 6O.7_1_11p _
mlimony bl 13.0 1u) _ b 11 16.0 5_1);__

iRArsernic L l_l____ll.O_(Ul _________ b1 F_1i ll.U_WUIIﬁ__‘
Rarium___ 1 T I B teo oy Il L1 15(:)_7__1_1;;:‘____
! eryllium_i _ I .o tun__ T S F_ 1 _1.0_IUIID__'
Feadmium I L Seo_tur___ I It —3.0_1U] P__
lCal:ium___l__ I 7 O_TUl__ _ b _ N 66.7_1_!1P‘_
! Rromiom_ 1 _ I =L 0 tur__ bl —_— S.6_1_11p
l_ooalt__h_l __________ L S-o_lui___ T I 1 b _2-0_tUle _
lCapper___~l__ P S.2_1 P 1 8.2 _1_11p i
Dorer__ R P 80 ____ T I L1 7004 1 _1ip_ 4
I =ad___ i R — s N 1N D P F_ 23.0_1UI1p
IMagresium_i1____ S D .50 0 L 1 33.4_!_!!9”_1
l“anganese_[ __________ L L I f_11 4.5_!_![@__)
b ercury S N 0. 21Ul b L O.E_IUIICV_|
iNickel | L Seo_tur___ T I_| 11 13.4_ 1 _1ip__y
]:‘.:;tass‘um_l_ I___! L4487, 5 l__l I__f l_l | 376.0 U p___!
b o=2lenium__ | bl _24.0_1U) _ I L _____24.0 U] p _
I:ilver____l I_1 S.eo_tur__ T S L I 3.0 Ut ip_
I Sodium = I 14.0_1U1_ b1 f_1 354./_!_IID“~:
! "allium__ | I S7.o_tur__ T L L D S7T.0_1Utigp
I:ahadium__l b 2.0 11U f_ I S SL0_tUl iRy
i Zirc_ _— L S s.Q_tur___ L l_il_____:Q.l_l_llD__l
! “iybderwml__ S Se0_tui___ T [ N I D 3.0“IU119__1
-t ithiun ] Il ___ 2.0 U] _ F_1_ 1 E.O_IUII?_“I
iStrontium_: N S -0 _tur___ 1_1 F_11 2. 3_ 1 _1iP__
Tin_ T | 2300, 0_1Ul__2500. 0 Ut __&500a, O_1UI__2500.0 U] I _2500.0_ 1y A__ i
';VJPGmiumVII:::__l0.0_lUI____-Q.U [RENI loso_ U b (
I P

_ - b1 F_1

_ Ly
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L_:ab Name :

VERSAR_DIV. _&4

—

BLANKS

Si

te: SAIC_MIN. _PROC.___

VERSAR_INC. Comtrol Noo: Z312__ . Code: SAICBDAT  Hatch: 11
reparation Blarnk Matrix: TCLP FILTRATION BLAONK
Freparation Blank Corncentraticon Units (ug/L or mg/kg): UG/L_
! ! I Il Il
| I Initial ] 11 I
] | Calib. | Comtivming Calibration 11 Prepa- 11
I I Rlank | Blarmk (ug/L) 11 ration I
I Analyte | (g /L) Cl 1 > z c 3 Cli Blank Cit m
| : | i —— H I
PAluminuam__ 1 __ P ll.Q_lUl____EB.?_l_l 1l 34.0_1_1!?_
l)ntimGhy__[ _________ |_|~___13.Q_lUl_‘__lB.O_(UI 1 57.8_]_!]@_
I Arsenic | [ Tl.o_tul____11.0_1U] 1l 11.0_1uUtir_
'Rarium ! b_ o L.o_tu___ 1.0_1ut P_ti 73.3_1_11F__
deryllium_| Il Lee VW _____w.ZE_ i\ _V\____ [ I L.Oo_tutip_
tCadmium I P S.0_tuv__ Seo_tur__ b 3.0_tuUtip_
iCalcium l B 7.0_\Ui__ 7.0 _1Ul A1 7.0_1UlIp_
hyveomivwm__V I ZL.O_Jul__ S.7_ v L I D, 5.1 _1_tirp__
Cobalt } P S.o_tudr___ SC0_ 11Ul L1 S.O0_1UNp
|Copper____ 1___ b1 I.0_1Ui___ 3.0_1Ul b1l 7. c_i_1e__
Ivorm | bl __88.3_1_1____&0 e_1_1_ P11 22.8_1_11P_
_ead | F_ 1 _23.0_1Ul____23.0_1U) 1 23.0_1Ul g
‘Magriesium_i__ 1 1O.7_1_V_____B.&_1_1 1 2l.8_1_1m
Marnganeses_|: I L3 ______Z.0 1ut 1 2.8_1_ViFr__
Mercury ] ouE_ U __ O.2_Tul____ 0.2_1UI Quz_ Uiyl ___ O.2_tulticy
INickel | N N D S.O_MUl____1&.5_1_1 I _ 1l S.8_1_11IPp_
'‘Patassium_ | I 788.8_1_1__1636.4_1 _| i S76.0_1ULIR
Selernium__ | P 24.0_1UI____&4,0_1U1 I _ 1 24.0_1UL IR
1Silver I I S.0_1ut___ S.0_ 11Ul 11 S.0_1Ulip
ISadium I 1 14.0_ 11Ul ____13.2_1_1 1 2171.2_1_1IP_
Thallium__| I S7.O_1Ul___ 7.0 141 Pt S7.0_tUlp
sVarmadium__ | (N 201Uy S.2_1_1 11 SL.O_JUL IR
[Zine ! L1 =LOo_tur__ 2. 0_tul f_H1 TR.7_1_1IR
Mzlybdern I S.O_lut___ 3.Oo_tul___ R 3.0_1UullE
Lithium I b1 _e.0_Tul___ S.0_ U It 2.0_1Ulip
Strarmtium_| [ 1.Oo_1tur____ 1.0_tul 1 S.8_1_tiFr__
Tin f_ P __&8300,0_1Ul b 11 2500.0_1Ul1A
. ChromiumVIl__ 10.0_1UT____10.0_1Ul____10.0 01 L1 10.0_1Ul1A
! ! 1 I P b1 P
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VERSAR_DIV. &4

VERSAR_INC.

TCLF EXTRACT_

COthhtPatiD

L3

. . v vt

Cantrml N,

-

rn Urits

SAMFLE

(ug/L = mg/kg

=
-

RECOVERY
SQIC_MIN._DRDC. |
Code: SAICEDA

Level

dry weight):

T

FIELD SAMFLE NC.

(low/med):

UG/ L_

! i ! I

ICamtral | I

I Limits Spiked Sample Sample Spike I

I %R Result (ssR) Cl Result {SR) ClAdded (SA) AR 1@}
|

!

J

|

|

_ —_— ! i

V7S5=-1285_ 1 ____ 19559.21_1_ _____ lSSE.lE_I_I_ESOQO,QQ_ —_TE.7
V75-125_1____ 3633.03_1_ _______ ZE2. B0 ‘-’__4000-00_{~_ S0, = e
l75~1€5_!__ _____ d897.55_1_ _________ BOO_IUJ~_QOOO.DO_!_~_ 2.4 g
V7S-125_0___ 5587.33_1~ ______ SBB.éZ_I_I_ﬁEOOD.OO_l 104,41 1
173-125_1____ 1900.58_1; ________ l.OO~IUI~“EOO0.0Q-I~__95.QI i
VrS-125____ 155-.58_1* ________ 3.00_!UI__EOO0.00_l___BE.61 PR
V7S—-125_1____ 76880, S_1_ _“__56154.qé_l_l_EOOO0.00_l__lOS.6! =
175—125_1______~4OEE.ll_l_ _____ 3069.QE_le__EOOD.OO_I___S7.6! =
PrS-ias 0 ___ 1728.61_1_ ________ 3.00_1U1_~EOO0.00_I —~_8&8.41 Ip
V7S-12s5_0____ T~ 3567.54_1_ ________ 3,oo_lux__4omo.oo_l___89.E! (=
V7S—-125_1____ 17285.09_1_ ________ 4.00_}U)_EOOO0.00‘I__‘BE.AI =
VeS—1es_1___ 33 3.33_1_ _______ S0.13 [__4QOO.QQ_L_~_53_51 =
P7S=-1235_1____ Eln?d0.00_!_ ___953571;71_1 !_EOOO0.00~I—368¢ S m
P7S—-125_1_____ 8918.08_!_ _____ 5076.é?_l_lu_éOO0.00al__~95.91 P
V7S-les T - e QeE0_1ul__ E.OQ_J__ FE.0) o
V7S-1es 0 ué78.48_1_ _______ S3.16 ] _4000.00~1_~~8”.11 =
17S~185_i_*____4523 <83_1_ ____86347.01_1 ! EQOOO.QO‘! 4.5 g
V7S-1es_ 3884.35_1_ _______ £8. 5 l_f__éOO0.0D_I___BB.?I =
ViS-1es 0 1623.74_1_ ________ 3. 00 ll!__EOO0.0D~I_~~81.SI =
VoS-izE____ 46437.08_!_ ____10525.0é_l_l_BEéO0.00_I _38.71 1@
b7S—ies_ 1 ____ EDOA.47_1_ _______ S7.00 IUI~_4OQO,QQ_] _73L1 e
e == N 181?.82_l~ _______ 10.90_]_!__8000.00*J_“_?O.él I
'7S-ies_1____ "~ 5034.75_1_ _____ 1834, 83 | l__éOOO.DO_l___BS.O!_IQ
P7S-ies_y__ T 1679.48_!_ ________ 8.16_1_!_“2000.00_1___83.EI_ID
V7S—t=s5_1___ EDSS.ES_I_ _______ S4.54 l__EODO.DO_!__lOO.SI_!D
P7S-12s5_1____ T d?BB.SS_}_ ______ 697.98_!_!__3000.00_!__lOE.Q(*!D
l7S-i25_1_____ 4021 BS_ 1 1 ___ ESOQ.OO_IU!__#OO0.00_I__lOO.SI al
VeS-tes 1 ____ T S& SE8_ 47Q.EB_I~|____S0.00_! 114,01 1
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& FIELD SAMFLE NO.

: | SHKW-01 D
0 ient : VERSAR_DIV._&4_____ Site: SAIC_MIMN. _FROC. | 3 :

* e e i c =

L~b Name: VERSAR_INC. Cormtrol No,o:

231E____ Code: SRARICEDAT Batch: 11_
matrix : TCLR EXTRACT____ Level (low/med): —

Coricentration Units

! | 1 i b E o |
- P Comtraol 1 [ 1 Lo |
I Analyte | Limit 'l Sample (S) Cl! Duplicate (D) CI! RED H1ar my
1 1 I b P Pl
PAlumiviam__1___ bl 1332010 1_1i______ 1761.80_1_11__23.4_11_1p_|
PANME imermy | Il 2.60_1_11____ 13. 80V _11__St.1_11_ip_|
Rrseric ] H . __Seo_wuirv___ 800_1Ull______~ll_lp_l
I Rarium | b S38.40_1_11____ 738.40_1_11__28.6_11_IFp_|
IBeryllium_| bl Lewo_tutt____ci.00_1uti___ T F1_1R |
I Cadmium J I S.00_tubl__ S.o0_tuti___ P _T1R_
[Calecium l L 5615A.40_i_l!_____63562.80_!_1l__ll.n Pr_1e
IChramium__ | P 0E3.40_1_11____ 2307.40_1_11__10.5_11_1p_|
ICobalt_ | N S.00_tUbi___ S.o0_tut___ e
ICopper____1__ I _ S0 _1utl____ S.o0_ Ul ___ Fi_tp )
I R b 4.00_TUtl____ 4.00_1Uti___ Li_1P_
lLeag____ | _ Il __3o.Eo_i_1______~ 28.20_I1_11___&.8_ 11 g |
IMagresium_ | bl 953571.70_!_1I___llEEBOO.UH_I P__17.5_1i_1e_y
IMariganess_ i SQ7E.S0__vi___ S861.50 1 _11__10.3_11_j18 |
IMercwey 4 N Q.Eo_tuni___ QuE0_1Ull___ 11 icw
INickel_ __ _1__ A 33.20_1_1____ 36.10_1_11___8.4_11_1p |

Fotassiuam_ | P S5347.00_1_11____ 23311.40_1_11__11.3 11 1p !
ISelenium__i___ N ©8.80_ 1 1l 47.00_1_11__37.4 11 18|
1Silver z ] S.00_ 1oty ___ S.00_iuri___ L_1F_ |
ISodium___ | L POSE3.00_ 0 11 123€7.00_1_11__16.1 PR
IThallium__ i STL00_tur__ STLQO_ WU __ IR
IVaradium__ | ] Pt P11 Il _INRI
[ Zine | _ F_ 183430 1 _i1___ 1840.10_1_11__11.8_11_1p |
IMzlybderiuml ] .20_V_ti____ 12,20 1 _11__33.2_11_1Fp_|
ILithium | [ S&.30_M_vi____ 82.40_1_11__13.5_11_1p_|
IStramt ium_| I L1 N Il _INR]I
I Tin I _ R 2500, 00_tul____ 2S00.00_1Uti____ _1A_ |
IChramiumVI | b SATOLSO v 423101 _1___ 4.7 11 1A_ 1
S | Pl RN b Pr_
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E) FIELD SAMFLE

NQO

[CFP SERIAL DILUTION
| .
I SKW-O1
C-lent © : VERSAR_DIV._Z4 —— Site: SAIC_MIN. _PROC. | ST
-+ 2 Name: VERSAR_INC. Cormtral Nao, 2312 ____ Code: SAICEDAT Batcoh: 11__
Matrix : TCLF EXTRACT___ Level (low/med): __
Coarmcentration Units: aug/L
N X X Serial % T
! F1Ivmitial Sample || Dilutiaonm HDiffer—11 | |
I Analyte |1 Result (I) Chi Result (8) Clt ence  11Q1 My
1 b R 1 Pi_t__d
PRlumiviam__ 11 __ 18z, 10 1 _vi___ 1417.80_1_11__1.80_11 |p 4
IQntlmuny i — -1 N D S.20_1_11_188.5 11| 1P
Arseric I l.oo_tuvr __ SS.oo_wdnl__ 1 _INR]I
I Barium b1 S38.40_ 0 4 __ SPELE0O_1_11__0.40 1| PR
IReryllium_I\I_______ eoo_turr___ S.Q0_turi_____ F1_INRI
_ I Cadmium P SeQ0_tul__ 1S.00_tuny___ FT_INR]
o ICaleium___11____ S8154.40_ 1 _11___ 58851. 70 Ll __4.80_11_1pP_1|
NChraomiam__ 11 ___ SQE3.40_1_1y__ EléE.DQ_l_Il__Z.SO_!l_iﬁ~l
I Cabalt i S.00_turi___ 15. 00 PUtl _______TI_INRI
| Copper P S.o0_tun__ o 1S.00_1un__ FT_INR/
FIrcoe_ I .00 _1Ury__ 20 00_TU____ 1 _INR]
IlLe=ad I —_s0.20_ 1 __ LiS.oo_wury___ I'T_INR]
IMagriesium_ li____953571./ﬂ I I _3S834%4.60_1_11 .00 || R
IMargarnese_11____ SO78.350_1_1___ SE7E.40_1_ 1 CB0_11_ 1R
IMercury P RN b1l F1_1cv
INickel P SS.e0__nh__ 43.350_1_11_31 QO_TI_tF_
tRotassium_11____ E53A7.Un S 2826z, 20_1 _11__7.30_11 R
VSelevium__11_____ 68.6“ N L20.,00_1uiy___ FT_INR])
ISilver Y 3. QU _ i 15.00_1uri___ 1 _INRI
| Sad iuam i tases.o00_1_11__ 10484, 10_1_11__ 0,40 || P
PThallium__10____ 57.Un wii___ e85.00_tuty____ FT_INRI
IVanadium I I 10.9” I 17.00_1_11_56.00 1] PR
FZinme il 1es4.30_ 1 _11___ 17533.00_1_11__7.20 1} R
IMolybdenumi | __ 8.a0_1_vi____ 1S.00_1ui___ [T _INRI
FLithium I SE.S0_ T 36.10_1 1 33.80 =
VStromtium_t__ £38. 00 _| I E31.40 1 11 0.90 1} TR _
I Tir_ il bt 1 [ =
IChromiumVIlg P __ 1 L1_1A_1
[ N P . L Pi_0_
COCZ7
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1

FIELD SAMRLE NQO.
UORGANIC ANALYSES DATA SHL

! I
1 SKW—01 !
olient i VERSAR_DIV. _g4____ Site: SAIC_MIN. Proc. | e

s e . i

Lab Name: VERSAR_INC. Control Ne.: 3312____  Code: SAICBDAT Batch: 11

latrix 1 APLP EXTRACT__ Lab Sample ID: A=28867__ _

Level (low/mned) :

Date Received: 08/16/30_

Comecentration Units (ug/L o mg/kog dry weight): us/L_

I | ol

| I I
| CAS No. | Analyte ICoricertrationiCl Q M |
I i ! | I_1 I |
| 7423=20-5_1Alumirum | wsi_1____ N
I744Q—36—O_1Qntimony__l _________ St.el_i__ PP _ 1
1 7440-38-2_|Arseric I 1l.o1ue___ R
1 7440-3%-3_ | Barium ! 2341 _ 1 ____ 1P|
!7440541-7‘lBeryllium_l __________ .o ____ R=
1 7440-43-3_I1Cadmium | — _S.0lui___ 121
17440—79—2_!Ca1:ium___| ________ 414001 _| P
1744Q—47~3_!Dhr0mium__! _________ 13301 _t_____ 1P
| 7440-48—-4 | Cobalt l ——s.0tulr____ P_1
| 7440-50-8_|Cupper b .01l __ Ie_1
i 7432-85—=5_1Iran (. 40.391 _1___ TR_1
| 743%-52~1_llead______ e 23,010l ____ R_1
17439—95—4_1Magn95ium_l ________ 215000 _0___ IF_
}7433~96—5_lMangahese_l e .0lU__ PE_1
17439~97-6_1Mercury_~_l _________ Q.20lUl______ ICVI
1 7440-02-0_ INickel ! o210 _V__ R_1
!7440—09~7_lpata55ium_l ________ 380001 _1____ [P
!7783—49—8_15919hium__! _________ 53.41_1____‘_1D~1
I 7440-22-4_ 1Silver I S.0lur__ R_1
| 7440-23-5_ 1Sodium | 10100t _1______IP_|
l74é0—28—0_!Thallium__l _________ S7T.O0MUL___ IR
!7440—62—2_!Vanadium__l __________ S0 ____ P_1
17440-56-5_1Zinc_ | Bz. Ol _1____ IP_
] IMolydehuml________-lo.Bl~l______lp_l
! TLithium b 1551 1 P
| Strentium_1_____ 6461 _1______1P_1
| ITin ! gSootur__ fA_ |l
! IChromivnvii_____—— L3300 _Vv___ FA_I
! I_ — b1 b__ 1

- Color Before: YELLOW_ Clarity Before: CLEAR_ Texture:

-2lor After COLORLESS Clarity After: CLEAR_ Artifacts: e

lomment s :
QDL?_EXTRQCT_RESULTS
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VERSAR_DIV. =4

—
D

BLANKS

_— Site: SAIC_MIN. _FROC. ___
—~&b Name: VERSAR_INC. Cormtral Nao, <312____ Code: SAICEDAT Ratch: 11
weparation Blamk Matrix: QPLE EXTRACT ____
Freparaticrn Hlank Camcentraticorn Units (up/L or mg/kg) : UG/ _
I I I I I
! I ' Imitial ! 11 Il
! I Calib. | Comtinuing Calibraticonm bl Frepa— i1
! 1 Rlank I Blark {(ug/L) I ratiam bl
' Aralyte | (ug/L) ! C z c 3 1 Blank Cli M
b I I I El
o lamivian_ | _ P I_ I b_tl SS.S_I;IIP_~
I mt imory | I [ P I 1 13.0_1U) =
IArsenic___ | _ bt F_ P F_H 11.0 urip__
I Rarium I_ b N L N S4.3_1_11P__
] erylliwm_1____ b P I F_ T l.C)__lUil.’:‘_*
lCadmium ! I S i1 1 S.0_1Ulp
ICalcium___1 bl Pl S B i_1___ 140.3~l_ll?__
Pohromiam_ | L I L I S.0_1UligE__
Peabalt __ ) P i P F_Hl —2-0_1urip__
I Copper____1_ P F_1_ b N S Y40 _1_tim__
I ovaom ! F_1 b F_ 1l 4.7 _1_1p
I .ead ! P Pl F_1 1 23.0_turie__
IMagresium_| b I P L 110.4_1_11p
ilahgahese_l I b I J II______4.3_1_11Q~~
Poercury ! I Cez_tUT__ DLE_tuUi_ L1 O.E_lUIICV_
INickel | I F_i P! _ 11 B.0_1_1IP__
IMotassium_| P I F_1 b1 I76.0_IUl g __
Loelenium__ | I Pl bl F_ 1 ~S4.0_1dtip__
'Silver I I P 11 b S.0_1Ulip__
[Sodium ! I_1 L I_1 b_1 434.8_1_11Pp__
b hallium__ | b1 f_ 1 S f Il__‘_lol.S_l_llD__
Fvanadium__ | [ P I S D I B S.0_1Ulie__
I Zire | 11 1 I I_ 11 S.T7__1iFp__
I olybderuml S L b e I S.O_1Ulip__
I odthiam___ | [ |1 F_ Pl 2. 0_I1ULIF__
I Stromtium_ | I P Pl b1 2.4 _1_11E__
[Tin | f_1 I _ i I F_tl 2500.0_jUrlAa__
I hromiamVI | I I b b1 LOLO_TUIINR_
! f L1 |1 I E_ 1 o
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-ab Name: VERSAR_INC. Contreal Ne s S3lz__ Code: SAICBDAT

Areparatiarn Hlark Matrix: ARLE FILTRATION BLANK

ﬁreparation Hlank Cohcahtratioh Uriitsg {ug/L oo mg/kg) : UG/ _

...... Site: SQIC_MIN._DRDC.~

Ba

— s o

toh: 11
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Blank
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Sodimeny T L S N 1 13.0_1Ul e
Porsenic_ b — 1 _11 —11.0_1urip
!Bar*ium_______! __________ N b F_1 F_h —=13.8_1_11®m
“EPyllium_i __________ L [ P N S Lol 1
2dmlum__ 1T b b e I I S.0_1ulp
iCalcium‘__l __________ S . b N 73.6_1*! F
Thromium__I __________ N N L F_ 1 —2.5_1_11e
abalt____l__“ r_1 _ . L R S S.0_IUlE
eepper_ T . o o I S.1_1_ 1R
CIvem_ e L b L I_Il___~_:E.E_l_l
2ad__ ! N S b e I 22.0_1Ulp
iuaghesium_l __________ b N b l_ll____~_2.3_!_!lp
'Mangahese_i _________ L D b L L I Z.0_1Ulip
Aroury | _ i S L R Q.Z_1Ulic
iekel 17 [ S P S S.0_1utip
Petassium_y___ T N S L B I_ll__~‘602.l_l_llp
"EIEhium_ e S D L !_li__~__Eé.O_IUIID
lver ! b_ 1 N N I S.0_1lulip
Scdium_ | _ t_1 b N I_II____SOE.O~I~IID
*Hallium__l _________ L D e P L B r_lf_‘_-iOS.S_l_llD
b madium__ | F_d N o L __E.0_ Ui
Zinc b bl D o bl 30.8_1 1 ip
Malybderium| _ _ L N o N S.0_1Ul R
- Thium | S P . b =0 _ iUl
'Evrmntium_i N P L l‘ll______l.O_IUIID
Tim__ ! I . L L1 —_E300.0_1Ul1q
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e _1 I . . L1 b

-

D BN
L, 0

- - sy

IP__

e

'
i
1

—

i
i
i
i
!
i
|

Vo

j

——

|

|

|
|
|
]
|
|
[

i
T
R_I



!

Matrix

! b Name:

3
ICF SERIAL DILUTION

FIELD SAMPLE NO.

!

! SKW=-01

: VERSAR_DIV. _&2&4___ Site: SAIC_MIN. _FROC. | -
VERSAR_INC. Corntral Nao S312____ Code: SAICRBRDAT Batch: 1
: S0O1IL Level (low/med): —
Concentration Units ug/L
! I I Serial 1 % P I
| ITImitial Sample I Dilution 11Differ-11 | |
' Analyte 11 Result (I) Cll  Result (9) Clt ence  11Q@1 M
I I I I P I
PRIumiviare__ 11 ___ 185199.40_5_[I____132648.40_l_!l <. 10_11_1PRP_1
lthlmmﬂy N —i3.oo_tuvi___ 63.00_1Ull____ F'T_INRI
Arsenic I t1.00_0uvy__ SS.00_1UN_____ 11_INRI
[ Barium I 1437.30_1 _11____ 1520.00_1 PI__S.70_11_1Pp_|
Beryllium_ M e SG40_ 0V TL70_1_11_42.80_1] P_1
fCadmium I S.00_tUNI___ 15,00 Wl 11 _INRI
[Calcium I 7T7TE11.30_V_ti____ 83237.40_ 1 _11_10.40 11| IR_1
lChrumlum I I 16245.10_1_1l__‘__17957.10_1_1!_10.50 P1_1R_
|Cabal I 10.80_1_vi___ 13.00_1UNL___ 11 _INRI
[Copper (i Se.80_1_11____ S3.00_1_11_44.00 FT_TE
' Ivreamn I l31ea.80_1_1t___ 145333, 30_1_11_10.40_11 IP_1
ILead I 2838.00_1 _VviI____ S281.80_1_11_15.80_11 1B |
IMagrnesium_ ll____355530.00~1_1l____554678.00 o1 Q.80_11_1P_|
IMangarness_ 11 ___ 15743.00_1_11___ 17333.60_1_11_10.40_ 1] =
I Marcury I 1 N S I HH_1ICVi
INickal I te7.00_1_v1___ 200.20_1_11_13.30_11_ g |
IPotassium_tI___ =8235.30_1_1i_____ E7414.70_1_11__Z.00_11 PR
ISelevdium__ 1V ________ S?;SO_!_!I _______ 120.00_tuv___ ' 1 _INR]
FSilver I S.00_H1utd___ 18.00_1Uti___ 11 _INRI
| Sadium I BO87.70_1_1v___ B474.70_1_11__4.80_ 11 R
PThallium__11______ 248.30_1_11____ 665.60_1t_11_167.4 11 IR
lVaﬂacﬂum I 1S.e0_V Vi ___ ZZ.00_1 _11_41.00_ 11 IR |
1 Zinc I 239398.60_1 11 ___ S863E.50_1_11_13.80_ 11 IR
IMzlybderuml | _n____S.DO R 15.00_tulti___ __P1_INRI
Fhithium I 1e.30_t1_1v___ 22.70_1_11_70.70_11_tp_|
18tromtivm_11___ iis.70_1 _ 11 ____ 1174.30_1_11__S.20_11 IR _1
I Tir I I N I PL_tR_
IChramiumVil ] F_1i b VI_1A_
| I b1 v D1
FORM IX - 1IN



Irsenic___ 1 7S-1;
rRarium___ 175-1;
IBerylli um_ 1 75— 13
Cladmium___ 1 7S5—1;
lalcium 1751
FChramium__ 175-1

webalt___ 175-1

- Lopper___ 175-1
Pivew__ 1 75-1
.2ad | -1

1
-1

Client

YVERSA

~ab Name: VERSA

Corvicentration

R_DIV.

R_INC.

EXTRACT___

Uriits

A

SFIKE sAMrRLE RECOVERY

______ Site: SAIC_MIN.
Cantral No 31z Code

FIELD SAMPLE NO.

_FROC. |

SKW—-0O1 S

T . O iy e

SAICBDAT

Level

(ug/L oo mg/kg dry weight):

Batch: 11

(low/med) :

UG/L_

Matrix ARLE

ﬁ____-____T_

. [ Conmt
i I Lim
L Arnalyte I “R

|

ol
it

Spiked Sample
Result

Sample

(S8R) Result (SR)

Spik
Rdded

e
(SA)

FALumirg m_
lthimohy

1 75=1;
| 75—-12

e s pn g J S I o
1 IBENORUERORD vPoopa Poopo opa o r (i [U [ o rg_g le for PO 0o
E"; Ei; (r.'f; l[-_‘f; {_".; {."’; IL'f; {"; &; [lf; {.I“ {‘ﬂ‘ athomuathag gy adoutag

lagrnesium_
IManganesa_

Mercoury
dickel

|

P e S T S S S U S

|£ﬁtassium
ISele

2riium -
3‘1ver__~~ -
. 3¢ -
PThallium__
Janadium__ -
7

I

l

}
i
!
I
|
I
I
diam__ |
|
!
I
1|
i
I

[

I
Lol

\::}xlu‘4\4\:\:\:q-4~4\:\:w~4\1\:ﬂ N

(1l g Gt i il i G ol G g ot d

I
s

S oamment s:

ARLE

—— - ———

——— ——— —

——. - ———

BT —

B —,

! ! |
! I |
! ! |
! I !
I ! |
1780125 1 v __ LO3.00_1_1_25000.00_| _70.8[ }D
~-3&8l.48_1_1____ 21,3 14000, 00_1 90, 71 _ ID
——=833.%2_1_1____ 11.00_ Ul__4000.00_1__ 31.31 IQ
13571 i =53.86_1_| ~2000.00_1__ 34,1 P
--18vo.=8 v ___ L. OO_1TUI __2000.00_| —_3B0. 01 _ip_
~=17e&.31 1 v ____ 3. Q0_1UI__z000. OO_!___BG.BI ID
53:96.86_!_1__ 41403,75 I _20000, 00_I1___&3.93] IP_
~_SE74.78_1_\__ 1550.57_ _I__DOOU.OO_I___BS.El I“
——173&.08_1_1___ .00 lUl__EOO0.00_!_“_89.7I =
——2834.00_1_1___ S.Q0_1UI__4000Q. 00_| __370. 81 !D
17S87. 18 1 40, 88_ 1 _20000.00_1__ 87.81 |f
~_3836. 140 _i__ 23, 00_1UI__4000.00_1__ g4, 3 =3
:7796.41_!_1____&1491.5d_ _I_EOOO0.0D_l___Bi.SI e
—-Ss8&.es_ v i ___ 2. 00_1Ul__4000. 00 _| __588. 81 !”
_____ E.OB_I_I____h___O.EO_IU]_____E.OO_I__lOé.OI Icv
~-3834.85_1_1______~ 7.16_1_1__4000.00_1___88.2]_ PR
QQUBJ.OB_i_I____3797O.lS 1 _20000.00_| 75681 _1Pp_
--3831.85_1_i___ S3.43_ 4000, 00_1| _91.01 e
--1ee8.80_1_v___ S.00_1U1 ~2000.00_1__ 84,4 lﬁ
4350€.44 1 _1__ 10117.73 1 35400.00_!___91.7! ID
~—2038.38_1_i_______ S7.00_1UI__4000. 00_| —73.81_1F_
~=180a.53_1_v___ 3. 86 ! _EOO0.00_I___BO.DI ID
——24=8.03_1_1__ S51.37_1_1__4000.00_| B84z e
--1875.83_1_1_____ 10.85_1_1__2000.00_| ~83.z21_ IH
——20ES. 03 _1_1__ 155,461 1 2000, 00 _ | ~-3S.SI_tp_
——SHET7.80_ 1 _1__ 646,07 _1_1__ 2000.00_ 1 ___30. 11 _IR_
33450821 _1___ _JOO.UO Ul__4000.00_I___83.7) _lAa_
—_il464.84 1 _|___ 1350.88_ _1____50.@0_& 227.31_1A_
b ! ! I

FORM V (PART 1) - IN

f
i
|
I
|
!
!
!
!
!
I
I
!
|
I
|
I
I
I
I
!
I
I
I
!
|
f
|
l
!
I
J
!
|



FIELD sampLE NQ.

=1 M

0

DURLICATE

ul

2! ent : VERSAR_DIV. _=24 " Si

ct

I SKW-01 D
83 SAIC_MIN. _PROC. |__ s-eroroeone. <

-7 Name: VERSAR_INC. Cortreol Nea, s

-
. -

g
i

=———_ Code: SAICEDAT Batch: t1__
i&erix 1 ARPLP EXTRACT__ Level (low/med) :

Caricentration Units (ug/L oo mg/kg dry weight): UGrsL_

I 1 N ] N K
! I Comtral 1 I I g |
Analyte | Limit I'l Sample (8) Clil Duplicate (D) Cll RED rar mi
) ] T 11 Il - li_l____l
IQluminum__l_ 1 Los.oo_ v _vi___ T 43, 20 | PI__75.6_11 |1m |
R+ imgr,y___] 1 S1.860 L 43,50 P l____‘.‘.E_] | IF:‘_I
Arsernic___ | L ~1i.00_tury___ tt.oo_turn____ — N =
FBRarinum | I ZITE. 30 L I 210.80_1_1 b__18.5_| IR
.Beryllium_l_ . Leoo_tun____ Leoo_1ur____ PT_1F
Cadmiumn i I 200 _dult____ S.00_1uri___ ‘l_lp_l
lCalcium_‘_! I 41403.80_1_11___ L4466, 70 l_!l__lB.E;ll_lD_l
‘Chramium__ | H ~1SSo.s0_ v 1231, 30 L_Il__lB.E_l]_!p_i
Cabalt___ | P ~2e00_dUNI____ S.00_1uni_____ P12
I Czpper ] b =3 00_tuny__ 3. 00 lUIl______‘Il_!ﬁ_}
Pivorm__ b [ 40.90_ 0 1 ___ T S1.30_1_11__z2.9 Pr_ip_
Lead__ 1 i —=E3.00 iUy ___ e3.00_1Ji___ PI_18_
tMagriesium_ | _ sl43i.s60_1_vi__ T 1801, 80 bt __17.86_11 e
IMahgahese_l P S.00_turi___ SLQ0_ V1 P _ 1R
Meroury | 1 - GeO_ Ul ___ GezO_tury__ F1_1CVvi
Mickel I P CeEQ_V_ vy ___ S.00_ WU ___ PI_tR_ g
iFotassiam | I S7370.20_ 0 _ 1 H°OSE.4Q_I_II~_16.9_II IR
Selenium__ | I SSes0_ 0 v 72.70 P_TT__30.6_11 10
Silver | —— M S.00_ Ui ___ 2.00_ U _______niel
PSodium__ | Il teti7.70_1_vi____ 8353.50_1_11__13.1 1} e
"Thallium__ | _ I S7T.00_ Ui __ S7.00 Uy __ P1_0R
Variadium__ | . .80 _1i____ 3.30 b_Ti__t1o.8_1) B
Plive___ b I SE.00_1_di____ S3. 40 | Pl 4. 3_ 11 _ g
Mo lybderim ! b 10.80 I_Ii_________B.éO PP __&5.0_1) IR
Lithium I I —-185.50_1_1i____ 123.30_1 !I__l?.?_ll_lD !
1STronmtium_| I S46. Lo v _ni___ S38.80_1_11 181 e
P Tim_____ ! i -=200.00_1ury___ SS0Q.00_tuli___ I _tA_
:hromiumVIl__ o Le30.90_1_1i___ lBBS.SO_I_II___B.u“II_IQ !
_ I . bl L1 ~ bt I

(.’Y.-\,\ ~ -

FORM VI - 1N R



-1
l
T
u
m
;U
4
o
™ W
@)
i
-
C
-
i
(]
z

C rent ! VERSAR_DIV., _Z4 Site: SRIC_MIN. _FROC. | A

=D Name: VERSAR_INC. Camtrol Na, S31&____ Code: SAICEDAT Ratoh: 11
Matrix P ARLE ZXTRACT __ _ Level (low/med)

| N Ll Serial % b
i I1initial Sample [ Dilutian HDiffer—1 1 | |
I Analyte |1 Result (I Chi Result (S) Cil erce i@ My
b b _ Il L I Pl
PAlumiviam__ V1 __ tez.00 v _vi__ 1ie.20_1_11__6.580 1| IRP_1
Pamtimonmy 11 __ 51.50 L 70,0 I_TI_35.70 1 =
[Arsenic (] 11,00 _ lUII ________ SS.00_tun__ 'l _INR|
PBariuam___ 11 ___ 2S2.%0_1_nv___ 257,20 P __1.30_11 E=
P2eryilium_t1____ 1. 00_ IUII _________ S-Q0_ U ___ F'T_INR]
Padmivem___ 11 ___ 3.00 Wy __ 18.00_1_1____ 't _INRI
tCaledum___11__ 41409.80_]_1! _____ 435118, 70 F_1l__4.10 e
Pohraomivm__1i__ 1550.60_!_11 ______ 1618.40_1_11~_A_4o_11 =
tWCobalt___ i ___ SL00_ Ut __ 1S.00_1uri___ ' _INRI
iCoppew,_“_l% _________ SC00_tdiy__ 18.80_V_vi___ T _INR
Pivor__ N BOCB0_ 1 _tv__ S1.20_1_11__0.70 1] A
tlead___ R S2.00_ U __ LiS.oo_tui___ ' _INR)
Magresium_1 11 __ S14381.50_1_11___ Z2T29.80_1_1| BLTO_Ti_ie
tMargaress_ti___ S.00_1unt__ TO.00_turl__ ' _INR]
Mevrouwry Vi T L L I FH_1Cv
iMieksl 4t ___ TeE0_1_hh__ €S.00_ WUl ____ P INR
Peotassiam_ti___ S7S70. 20 1 _ v 4806, 70_1 _11_11.70_ 11 1R
ISelsrmium N SS.e0_V_ Vi L2000 _tur__ 'l _INRU
ZSilver__~_lL _________ Se00_turi__ 1S.00_ 11Ut ___ F'T_INR/|
P Sod 1am N LOLI7LTO_ 0 _n__ 1H166.40_!_ll__ﬂ.50_l! IR
PThalliam__ti____ 2700 _durn__ S0S.70_ 1 _1i___ 'Y _INR
Wearadium__it____ Se30_ 0 _v__ 10.00_1tury____ 'Y _INRI
Plinc__ I SE.00_1_1___ T3.20_1_11_21.30 i1 R
IMolybgevaml t__ to.eo v _vi___ LS.00_tury__ P _INRI
Pithium | 155,50 L 140, OO0 F_T_10.00 1 =
PStraormtium_t__ S4€.10_1_1i___ 852, 40 P_ti__ 1,10 11 1
PTim__ L 1 —— S B B PH_IR_
e omiumv Il _ F_1l b Pl_1a_ 1
b L1 P_ti__ F 0 Pl

Kl
0
0
X
]
><
!

IN






Attachment 3

General Engineering Lab Results



faga“l

SNELS v

SOURCE SAMPLING FOR HEXAVALENT CHROME EMISSIONS
MACALLOY CORPORATION

FURNACE NO. 15

CHARLE TON, SOUTH CAROLINA

Dated: Novemben 12, 19971

Submittod By:

SXeven w.%i:zgij%\?.E.

Senion Consultagnt

FOT MARYLAND AVENUE = w11 e ran



1.0 PROCESS DESCRIPTION

Aacalloy Corporation of Charleston, South Carolina, is a smelting facility that manufactures
ferrochrome. The raw material used in this process are chromite ores, by-product coke,

ind gravel, which are received by rail, ship or barge.

Aﬂacalloy has two electric smelting fumaces numbered 14 and 15. Emissions from the
fumaces are controlled by two electrostatic precipitators. Originally (1976), two 50,000
icfm baghouses were used to collect emissions during tapping operations which occur

fifteen times per 'day and last approximately 30 - 40 minutes each tap..

-!'n 1888 a third baghouse was installed, the fumace canopy hoods were extended, and
auxiliary dust hoods were added to capture emissions escaping from the main fumacé
sanopy hoods. Each furnace has two auxiliary hood segments. The two segments for one
urnace are located on oppoesite sides of the fumace. The hood cpening consists of slots

vhich extend around the edge of the canopy hood (see attached schematic diagram).

e three baghouses provided a total of 150,000 acfm of capacity for the two fumaces, or
75,000 acfm for each fumace. The distribution of flow for one of the fumaces is 25,000
acim total for the auxiliary hood segments and 50,000 acim for the tap hood. With only
one furnace in operation and three baghouses in operation, the hoods will have higher air
_ lows than with two fumaces operating. The air fiows through the hoods and baghouses
Were recently measured with only one No. 15 fumace in operation. Based on these tests,
t was determined that the flow through each of the baghouses was significantly lower than
the design flow. Operating with only two baghouses would achieve essentially the same
low as operating with three baghouses. With one furnace and two baghouses operating,
the flow throu'gﬁ the auxiliary hoods will be 30,000 acfm and the flow through the tap hoods

Ml be 70,000 acim. These hood flows are efiective in controlling the emissions from the

furnace.

To upgrade the fume collection system for a two furnace operation, two additional

Pnge_' ya



YN Y

Fage 3

(

bagho'uses of 50,000 acfm each are to be Installed to operate with the No. 14 fumace.
Two of the existing baghouses will be used for control on No. 15 furnace. Each fumace
will have two dedicated baghouses with a total air fiow of 100,000 acfm per fumace.

Existing Two Proposed Two
Fumace Operation Fumace Operation Increase
Auxiliary Hoods per .

Fumace 25,000 30,000 20%
Tap Hood per Fumace 50,000 70,000 40%
Flow per Furnace 75,000 100,000 33%
Total Both Fumaces. 150,000 200,C00 33%

20 DUST CHARACTERISTICS

A typical chemiceal analysis of the dust collecied Oy the present system is attached. Unlike
the dust coilected in the main fumace sysiem, ie. the electrostatic precipitators, this
secondary dust contains no hexavalent chromium and is not considered to be a hazardous
waste. Recent TCLP tests (3 on 1/12/80 and 3 con 12/10/20) indicated less than 0.1 mafl

for hexavalent chromium.

3.0 EMISSION ESTIMATES

The present system of three baghouses collect approximately 2100 Ibs of dust per day
when two fumaces are operating. After instaliation of fwo baghouses for No. 14 furnace
along with the operations of two existing baghouses for No. 15 furnace, the increased flow
into the hoods will increase the amount of fumes and therefore the amount of particulate

collected. An increase of dust collection of 40% is assumed.

The increased dust collected is therefore:

1.4 x 2100 Ibs/day = 2940 Ibs/day
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Assume the Collection efficiency of the baghouses is 88%. The emissions after controls

would be-

The emissions associated with the two new baghouses for No. 14 furmnace is:

- before controls emissions = 1225 Ibs/hr = 61.25 Ibs/hr
2

after controls emissions = 245 Ibs/hr = 1.23 Ibs/nr
2
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TABLE 1

Pt ‘
SUMMARY OF TEST RESULTS FOR HE;;;::t:;>CHROME EMISSIONS
. 15

FURNACE

MACALLOY CORPORATI|ON
CHARLESTCON, SOUTH CAROL I NA

Date of Tast 10/8/91 10/38/91
Sampling Location Furnace No. 153
Test Run MNumber M-15-1HC M-~15-2uC
Cperating Data (1):
HMegawatt Load, Mw 33.¢ 34.0
Temp into ESP, degrees F 183 178
Temp. Into Cond. Tower, decgrses = 555 583
F'.D. Fan Opening, % Q5 84
Opacity, % 4.7 5.2
Flilue QGas Characterisiics:
CGas Flow, dscfm 52,012 123,616
Gas Flow, acfm 200,054 184,004
Temperature, degrees F 172 173
Mcisture Content, % by vol. 10.0 S.9
02 at Sampling Location, % 16.2 16.1
Measured Particulate Emissions (2)
Ibs/hr 0.0064 0.0028
lbs /MWK 0.0001¢ 0.00008
Average lbs/MWH 0.00014

1). See Appendix 3 for additicnal cperating data.
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Dr. Wojciech Z. Misiolek
Materials Engineering Consultant
17 Glen Drive
Troy, New York 12180

PHONE (518) 276-6099, (518) 276-5634, FAX (518) 276-8554

November 14, 1992 RECEIVEL
NOV 1 5 1992

Guy D. Van Doren, P.E.

Vice President

Lan Associates Inc.

Environmental and Facilities Engineering
20 Cordova Street

St. Augustine, FL 32084-3619

Dear Mr. Van Doren,

Enclosed is the Progress Report I on The Particle Size Distribution
of the Fume Dust together with the invoice for this project. After

sorting out some technical difficulties we were able to perform
these measurements for you.

In my personal opinion we need an additional scanning electron
microscopy (SEM) analysis to be able to completely understand the
fume dust morphology. I will contact you in a couple of days to
discuss these eventual measurements with you.

If you have any questions related to the performed tests and their

analysis do not hesitate to call me at (518) 276-6099. Please note
change of my home address and phone number as indicated above.

Sincerely,

%«;,:{4

Wojciech Z. Misiolek, Sc.D.
Materials Engineering Consultant

WZM/consult/lan.2



INVOICE I

TO: LAN Associates Inc.
Environmental and Facilities Engineering
20 Cordova Street
St. Augustine, FL 32084-3619

Attn: Guy D. Van Doren, Vice President

FROM: Dr. W. Z. Misiolek Aﬁé;>64£Zi

Materials Engineering Consultant
17 Glen Drive
Troy, NY 12180

DATE: November 14, 1992
EQUIPMENT
FEE

Microtrac 12 x $15 $180.00
LABOR
Nick Sopchak 9 x $20 $180.00
Wojciech Misiolek 4 x $100 $400.00

TOTAL

$760.00



Dr. Wojciech Z. Misiolek
Materials Engineering Consultant
17 Glen Drive
Troy, New York 12180

PHONE: 518/276-6099, 518/283-3806, FAX: 518/276-8554
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THE PARTICLE SIZE DISTRIBUTION
OF THE FUME DUST

prepared for

LAN Associates Inc.
Environmental and Facilities Engineering
20 Cordova Street
St. Augustine, FL 32084-3619
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Dr. Wojciech Z. Misiolek
Materials Engineering Consultant
17 Glen Drive
Troy, New York 12180

PHONE: 518/276-6099, 518/283-3806, FAX: 518/276-8554

PARTICLE SIZE DISTRIBUTION OF THE FUME DUST

Introduction

The particle size distribution is one of the measurements of the
whole characterization package for the fume dust. The goal of this
project was to measure and analyze particle size and its
distribution in twelve provided fume dust samples. The overall
objective is to understand formation of the dust particles and it
eventual consolidation for the further processing.

Methodology

The laser scattering method was implemented for these measurements
and the state-of-the art particle size analyzer, the Microtrak FRA,
was used. The laser scattering method is the most common due to
its high precision and high speed. However, the measured laser
diffraction data are used for the calculation of particle size and
its distribution based on an assumption of the particles spherical
shape. It 1is the source of the eventual error, but the same
assumption of particle spherical shape is made in all alternative
methods except scanning electron microscopy.

First measurements obtained for the analyzed fume dust were quite

inconsistent. Leeds & Northrup, equipment manufacturer, was
consulted and they informed us that Sio, based powders are
extremely difficult to disperse. Sodium metaphosphate was also

suggested as a surfactant for these powders. It was decided to use
recommended surfactant and to repeat all of the previously
performed measurements. ‘

Each sample was prepared in the form of suspended powder in water
and then tested. To minimize an agglomeration, sodium metaphosphate
surfactant was used, and all the samples were exposed to the
ultrasound vibration for one minute prior testing. Samples prepared

in this fashion were tested and three measurements were taken for
each powder.



Results

The results for each measurement are presented in the form of table
followed by the histogram plot; frequency v. particle size (based
on a logarithmic scale). At the end the average values for the
performed three tests on a given powder sample are provided in the
same form of table and histogram plot. The data for all testegd
twelve samples are provided in an Appendix A. A summary table
allows a direct comparison of most typical values like particle
size for 50% frequency and average particle size.

TABLE I
Particle Size Summary Table
Sample "50%" Particle | Average Particle The same Sample
No. Size (um) Size (um) Measurements
1 0.38 0.39 Inconsistent
2 0.50 0.52 Consistent
3 0.39 0.38 Inconsistent
4 0.40 0.40 Consistent
5 0.47 0.47 Consistent
6 0.48 0.50 Consistent
7 0.51 0.53 Consistent
8 0.47 0.48 Inconsistent
9 0.38 0.38 Consistent
10 0.39 0.41 Consistent
11 0.47 0.50 Consistent
13 0.52 0.55 Consistent
Discussion

The comparison of measurements indicated that they were quite
consistent for each powder with the exception of samples number 1,
number 3, and number 8, where one out of three test provided
different results. The fact that particle size for 50% frequency is
so close to average value is an indication of typical powder size
distribution. However, more detailed analysis, especially using
histogram plot, pointed out the additional peaks for larger
particle diameter. These secondary peaks appears to be
agglomerates or aggregates.



Agglomerate is defined as a collection of fine particles bonded
together by secondary bonds, and appears as large particle. This
kind of particle cluster can be usually relatively easy broken into
individual particles during processing. The second type of large
diameter particle cluster, which is build from the fine particles
bonded together by the primary bonds is called aggregate. It is
almost impossible to separate each individual particle from the
aggregate during processing. This causes additional technological
difficulties in terms of lower density, declined powder flow, and
difficulties with powder compaction.

All tested powders have their average particle size in the 0.38 to
0.55 um size range. There are relatively small differences,
especially taking into account fact that all the powders exhibited
the multi-modal size distribution. The major difficulty with this
data is a fact that both 50% and average size values do not
represent tested powders well. The majority of the powders is
smaller that 50% size in each batch. It is necessary to perform an

additional investigation in order to evaluate true particle size
distribution.

It would be very beneficial for this project to exam and evaluate
the nature of the particle collections, and the character of the
present inter-particle bonds. The best method for this kind of
analysis seems to be scanning electron microscopy (SEM). This
technique provides sufficient information about particle size and
shape, its surface texture, and kind of inter-particle bonding.

Summary and Recommendation

As indicated above all tested fume dust samples exhibited multi-
modal distribution with average particle size between 0.38 and 0.55
pm. Due to this multi-modal character the whole particle size
distribution 1is shifted toward the high end. To evaluate the
particle size distribution of the fume dust in an explicit way, the
precise characterization of large particles responsible for the
secondary peeKks 1is necessary. It is recommended to perform
additional powder characterization analysis for particle size and
shape using SEM technique.
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| vy 4 Ferroalloy Production
5 X B! General

i Ferroalloy is an alloy of iron with some elememt other than carbon. Ferroalloy is used w
"'Pmny introduce or “carry” that element into molten mezal, usually during steel manufacture. In
#ﬁg_ +he term ferroalloy is used to inciude any alloys thar introduce reactive elemeants or alloy

. such as nickel and cobali-based aluminum systems. Silicon metal is consumed in the
ggminum indusTry as an alloying agent and in the chemical industry as a raw material in silicon-based
ehemical manufacturing.

The ferroalloy industry is associated with the iron and stesl industries, its largest customers.
Ferroalloys impart distnctive qualities to steel and cast iron and serve important functions during iron
end steel production cycies. The principal ferroalloys are those of chromium, manganese, and
silicon. Chromium provides corrosion resistance to stainless stesls. Manganese is essential
cogmteract the harmful effects of sulfur in the production of virmally all steels and cast iron. Silicon
is used primarily for deoxidation in steel and as an alloying agent in cast iron. Boron, cobalt.
columbium, copper, molybdenum, nickel. phosphorus, titanium, tungsten, vanadium. zirconium. and
the rare earths impart specific characteristics and are usually added as ferroalloys.

United Statas ferroalloy productiorn in 1989 was approximately 894,000 megagrams (Mg)
(985.000 tons), substantally less than shipments in 1975 of approximately 1.603.000 megagrams
(1.770.000 toms). In 1989, ferroalloys were produced in the U. S. by 28 companies. although = of
tose produced only ferrophosphorous as 2 byproduct of elemental phosphorous production.

S 4

12.4.2 Process Descripton

A typical ferroalloy plant is illustratsd in Figure 12.4-1. A variety of furnace types. including
submsrged electric arc furnaces, exothermic (metallothermic) reaction furnaces, and electrolyuc cells
can be used to produce ferroalloys. Furnace descriptions and their ferroalloy products are given in
Table 12.4-1.
12.4.2.1 Submerged Eleciric Arc Process -

In most cases. the submerged electric arc furnace produces the desired product directiy. It
may produce an intermediate product that is subsequently used in additional processing methods. The
submerged arc process is a reduction smelting operation. The reactants consist of metallic ores
(ferous oxides, silicon oxides, manganese oxides, chrome oxides, etc.) and a carbon-source reducing
agent, usually in the form of coke, charcoal, high- and low-volatility coal, or wood chips. Limestone
may also be added as a flux material. Raw materials are crushed. sized, and, in some cases. dried,
and then conveyed to 2 mix house for weighing and blending. Conveyors, buckets, skip hoists, or
cars ransport the processed materiai to hoppers above the furnace. The mix is then graviry-fed
through a feed chute either continuously or interminently, as needed. At high temperatures i the
reaction zone, the carbon source reacts with metal oxides to form carbon monoxide and to reduce the
orss to base metal. A typical reaction producing ferrosilicon is shown below:

Fe,O; + 28i0, « 7C = 2FeSi + 7 CO )

~£10/86 (Reformaned 1/95) - Mezallurgical Industry 12.4-1
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12.4-1. FERROALLOY PROCESSES AND RESPECTIVE PRODUCT GROUPS

Process Product

gghmerged arc furnace* Siivery iron (15-22% Si)

errosilicon (50% Si)
Ferrosilicon (65-75% S
Silicon metal ]
Silicovmanganese/zirconium (SMZ)
High carbon (HC) ferromangansse
Siliconmanganese
HC ferrochrome
rerrochrome/silicon
= FeSi (0% Si)

Exothermic®

Siiicon reduciion Low carbon (LC) farrochrome. LC
ferromanganese, medium carbon (MCY i
Terromangansass

Aluminum Reducuoz Chromium meral. fecrotitanium.

ferrocoiumbiurn. rerovanadium

'i Mixed zivminothermal/silicothermal rerromolvbdenum. Terrotungsien ;
Eiecroiyvuct Chromium metal. manganess mezal

’ vl (o] 1 - = -
Yazuum Turmace® i I2rTocnroms

LT

- . - - { -~
~ 4 Ixduction furnace® | rerrotiianium '
3 N . e PR . P -~ .- . N N . . . B -
Prooess by which metzal is smelted in & refTaciorv-iined cup-shapeg ste2l shell by submsrged

gTIonie eiscrodes

Process by which molten charge material is reduced. in exothermic reaction, by additior of silicor,
-— dumimum, or 2 combination of the 2.
¢ Process by which simple ions of a metal. usuallv chromium or manganese in an electrolyvie. are
— , Platad on carhodss by direct low-voltage curren:.

e

Process by which carbon is removed from solid-sate nigh-carbon f2rrochroms within vatuum

= . feraces mainrained ar temperamras near melting poix: of alloy.

%P’m&s that converts elecrrical epergy into heat, withour siectrodes. to melt metal chargss in 2 cup
£5 O drum-shaped vessal.

Smelting in an electric arc furmace is accompiished by conversion of elezirical energy to heat.
Ing current applied to the elecwodes causes current t¢ flow through the charge berween the
240 ups.  This provides a reaction zons at temperatures up 10 2000°C (3632°F). The tp of
sectrode changes polarity continuously as the alternating current flows berween the tips. To
= f'é_uniform electric load, electrode depth is continuously varisd automarizzlly by mechanical

g soraniic means.

&
—-t0

Metallurgical Industry



A typical submerged elecmic arc furnace design is depicted in Figure 12.4-2. The
of the submerged electric arc furnace is composed of 2 cyliindrical stesl shell with 2 f

2 fiar botom op
hearth. "'he mterior of the shell is Iined with 2 or more layers of carbon bilocks. The furnace shi
may be warer-cooled 10 protect It from the heat of the process. A warer-cooled cover i
c::llvnon hood are mounted over e furnace sheil. Normally, 3 carbon electrodes arranged inE
izanguiar formation extend through the cover and into the furnace shell opening. Prebaked or saif>
baking (Soderberg) elecrodes ranging from 76 w0 over 100 cm (30 w over 40 inches) in diametsr

typicaily used. Raw materials are sometmes charged o the furpace through feed chutes Tom abaove

|

e Turpzce. The suriace of the furpace chzarge, wiich conmins both moited marterial and unconv
charge during cperadon, is typicaily maintzined near the top of the furnace sheil. The lower o ends o
the elecrodes are maintmined at 2bout 0.9 © 1.3 meters (3 w0 5 fesr) below the charge surizce.
Thres-phase eiectic curren: arcs from elecode 1 elecrode, passing through the charge mareria]
The -:':{arge marerial melts and reacts 10 form e ues*——'m product as the elecTic esnergy is .mnvo-;m
into hez:. The carbomaceous material In the furnace ¢

charge reacts with oxygen in the meral oxides of ?&
the chargs and reduces them © base metals. The reactions produce large guznddes of :s:bon =
menoxide (CO) thar passes upward trougs e furmace chargs. The moiten merai zad sizg are =
removed (apped) v_“rox._.‘ . or more w@p holss exiending mrough e fursace shell it ths heamn level
Fe=d maresiais may be charged CODUNUOUSIY Of intermimenty. Powa" L% zppiiad conuzuousiy.
;.33:'.1’.‘7 can be INIermiTIsnt Or COMUNUOoUS Da2sed on :J'TO. clion rziz Of the furnace. '

eiecImic arc ITurmaces are O - basic types. open and coverad. Most of the

rc Turmaces m the UL S are open fr:““.s u‘“’" Turmaces have @ fume Sollechen

r (3.3 {22t 2bove We 10D OF 1oe Turnace shell. Movezdie paneis or screens are -

ce the Op2n ar n M2 Turnace and hood. znd o improve emissions
- — . PR v-. Adatad 3 -7 -v.——.'\~ - ol = — M - s - -~ -
czprure eficiency. Casben mon 1oxice rising hrough the Turmace SRargs DUIDS in the ires Herwaen e
Lnis subsiEnually incraases the voiums of g25 b2 onmainmem
vigorous 9pen oo

TDUSIIOR Drocass eorzins Iner marerial

288 22T ST tisrmal

Iy used ¢ conwol 2missions Tom open Tl

v:-;0\1 ::r‘:zr;

2 walr-coolegd stesl cover thar ais cioselyv 10 e furmace speil
Tﬂa aa\aﬁ‘v*v:s OL *Dvarx :’._“ua\.,.-s ‘S LO ”M' ce :..‘.: .L —ll ’E‘ LUIO :D.E TLLI‘AE." ...S»S 3 'x-n..u AECIL\»:‘:S
uiring collection z2nd Tazmmen:

T23Tmani. Tas

D

’l

zombuston of that gas. Tois reduces the volume OT gas
cover nas noies for the charge and siectrodss 0 pass wmrou E.’: Coverad furmzces har

g w3t parually dose
1nese hood openings with charge material are referred 10 as “mix-seaied” or “semi-enciosad furpacss”
Alfough these coversd furnaces significandy reduce air inflimation. some o mbus:ion STl occurs

undar the furnace cover. Covered furnaces that have e:':::-.njcai sz2ais around e siscrodes znd

Satwai v

seziing compounds zround the ourer edges are raferred 10 25 "seazied” or to:s.lly ciosed”™. These
Turnzces aave iimie. if anv. air infilration znd undercover combustion. Warer leaks sTom he cover
{00 e furmace must de ﬂ**mz:&d as L:ns 1 C.S 0 v.\cvssiv gas producdon znd unsizbis furmace

operzuon. Products prone :

coversd turpaces oT satery reasons. As the degres of 2 ciosure incres 2s. ‘;ass g2s s Droduced for
Szprure Dy the hood svsiem znd e CONCeniIauon Of 22rbon monoxids in the Turma

SmISSIONS IOm coversd furmaces. Lhe somubi

Tonoxids comtent gas may be used within the piant or fared

L oldal Sl

War scrubbers are used o conol

The moiten zilov and siag that accummulate on the furnace hezarth are removed ar | 10 S-hour
rvais through the wzp hoie. Tapping typically lasts ‘O 0 15 minutes. Tap hoiss are opened with
peller shot Tom @ gun. by a;r:?'xl'.ng or bv 0xygen lancing. The mol i 0

) i ow from B¢
p hole info a carbon-iined Tough. then N0 2 Lardon-iined n

H
rt

si
g runrer tiat directs the merzi and siag 1089
eaction ladle. ingot moids. or chills. (Chills ar2 low,

) ” U

ilat iron or ste2l pans that provids rapid
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cooling of the molten metal.) After wpping 1s completed, the furnace is resealed by inserting g .- ‘,;
carbon paste plug into the tap hole.

Chemistry adjustments may be necessary after furnace smelting to achieve 2 specified W
Ladle treamment reactions are batch processes and may include metal and alloy additions.

During tapping, and/or in the reaction ladle, slag is skimmed from the surface of the moleg
metal. It can be disposed of in landfills, sold as road ballast, or used as a raw material 1o a furnace
or reacton ladle to produce a chemically related ferroalloy product. i

Arter cooling and solidifying, the large ferroalloy castings may be broken with drop weighey
or hammers. The broken ferroalloy pieces are then crushed, screened (sized), and stored in bins umg
shipment. In some instances, the alloys are stored in lump form in inventories prior to sizing for
shipping.
12.4.2.2 Exothermic (Metallothermic) Process -

The exothermic process is generally used 10 produce high-grade alloys with low-carbon
content. The intermediate moiten allov used in the process may come directly fTom a submerged
elecTic arc furnace or from another tvpe of heating device. Silicon or aluminum combpines with
oxvgen in the moiten alloy. resulting in a sharp temperamre rise and swong agitation of e molten
bath. Low- and medium-carbon content ferrocaromium (FeCr) and ferromanganese (FeMn) are
produced Dv s.ucon reduction. Aluminum reduction is used to produce chromium mezal,
farrotitanium. ferrovanadium, and ferrocolumbrum. Mixed alumino/silico thermal processing is used
Tor producing I..rromolyuaenum and ferrotungsten. Although aluminum is more expensive than

carbon or silicon, the products are purer. Low-carbon (LC) ferrochromium Is typically produced by
fusing cm-oxmum ore and lime in a furnace. A specified amount is then placed in a ladle (ladle
No. 1). A known amount of an intermediate grade ferrochromesilicon is then added to the ladle.

na T

1oz Le‘;:::ion 1S exXu emelv exothermic and liberarss chromium from its ore ‘DI'OGU.C ng LC

ter:oc"nromium and

w

calcium silicate slag. mes slag, which still contzins recoverable chromium

xide. macted in z second ladle (ladle No. 2) with molten high-cardon ferrochromesilicon 10
aroducs the intermediate-grade ferrochromssilicon. Exothermic processes are generally carried out &
open vesseis and may have emissions similar to the submerged arc process for short periods while the
reducdon is occurring.

12.4.2.3 Elecaolytuc Processes -

Tiectrolvdc processes are used 1o produce high-purity manganese and chromium. As of 1989
there were 2 ferroalloy facilities. using electrolytic processes.

Manganese may be produced by the electrolysis of an electroiyte extracted from manoan&se
ors or rmanganese-bearing ferroalloy slag. Manganese ores contain ciose t 30 _percent man ganese:
Turnace slag normally contains about 10 percent manganese. The process has 3 steps: (1) roasung
2 ore o convert it 1o manganese oxide (MnO). (2) leaching the roasted ore with sulfuric acid
H-,SO“ 10 solubilize manganese. (3) neuwalization and filtrarion to remove iron and aluminum
hvdroxidas, (4) purifving the leach liquor by trzamment with sulfide and filtration 10 remove a wide
variety of mewls. and (3) slecolysis.

Electrolvtic chromium is generally produced from high-carbon ferrochromium. A large
volurne of hydrogen gas is produced by dissolving the alloy in sulfuric acid. The leachare is treated
with ammonium suifate and conditioned t remove ferrous ammonium sulfate and produce a chrome’
alum for feed to the electroiysis cells. The electrolysis cells are well ventilated 0 reduce ambient
hvdrogen and hexavalent chromium conce ntrauons in the cell rooms.

12.4-6 EMISSION FACTORS (Reformaned 1/95) 10/8
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:{2_4 3 Emissions And Controls

Particulate is generated from several activites during ferroalloy production, including raw

handling, smelting, tapping, and product handling. Organic materials are generated almost
aﬁVS’Vd5 from the sm.ltmv operation. The furnaces are the largest potential sources of particulate
= organic emissions. The emission factors are given in Tables 12.4-2 and 12.4-3. Size-specific
emission factors for submerged arc ferroalloy furnaces are given in Tables 12.4-4 and 12.4-3.

Particulate emissions from electric arc furnaces in the form of fumses account for an estimated
¢4 percent of the total particulare emissions in the ferroalloy industry. Large amounts of carbon
sonoxide and organic materials aiso are emitted by submerged electric arc furnaces. Carbon
sonoxide is formed as a byproduct of the chemical reaction berween oxygen in the metal oxides of
e charge and carbon contained in the reducing agent (coke, coal, etc.). Reduction gases containing
arganic compounds and carpon monoxide conrimuously rise from the high-temperature reaction zone,
eexraining fine particles and fume precursors. The mass weight of carbon monoxide produced
sometimes exceeds that of the metaliic product. The hea-induced fume consists of oxides of the
sroducts being produced and carbon from the reducing agent. The fume is enriched by silicon
doxide. caicium oxide, and magnesium oxide. if present in the charge.

In an open electric arc furnace, virtually all carbon monoxide and much of the organic matter
scrns with induced air at the furnace top. The remaining fume, captured by hooding about 1 meter
sbove the furnace, is directed 1o a gas cleaning device. Fabric filters ars used to control emissions
from &5 percent of the open mrna,..s in the U. S. Scrubbers are used on 13 percent of the furnace:
md electrostaric pracipitators on 2 percent.

Two 2mission capture SYSI2ms, Not 1

usually connectad to the same gas cleaning device, are
pecessary for covered furnaces. A primary

capmure system withdraws gases from beneath the furnace
over. A secondary sysiem capturss fumes released around the electrode seals and during tapping.
Szubbers are used almost exclusively 10 conol exhaust gases from sealed furnaces. The scrubbers
Spuure 2 substantial pereentage of the organic emissions, which are much greater for covered
fornaces than open furnaces. The gas from sealed and mix-sealed furnaces is usually flared ar the
=haust of the scrubber. e carbon monoxide-rich gas is sometimes used as a fuel in kilns and
smering machines. The efficiency of flares for the conwol of carbon monoxide and the reduction of
VOCs has been estimated 10 be greater than 98 percenmt. A gas heating reduction of organic and
arbon monoxide emissions is 98 percent efficien:.
Tapping operations also generate fumes. Tapping is intermiment and is usually conducted

¢=rm0 10 10 20 percent of the furnace operating time. Some fumes originate from the carbon lip

. but most are a result of induced hear wansfer from the molten metal or slag as it contacts the
- tumners, ladles, casting beds, and ambient air. Some plants capture these emissions to0 varying

wdﬁgnﬁ With 2 main canopy hood. Other plants employ separate tapping hoods ducted to either the
e emission control device or 2 separaie

¥2 unavailable due 1o lack of data.

control device. Emission factors for tapping emissions

After furnace tapping is completed, a reaction ladle may be used to adjust the metallurgy by
on, oxidation, gas mixing, and slag metal reactions. Ladle reactions are an int»rminam

(RCSGrman.ad 1/95) Metallurgical Industry 12.4-7
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Table 12.4-4 (Metric Units). SIZE-SPECIFIC EMISSION FACTORS FOR
SUBMERGED ARC FERROALLOY FURNACES

Curulative
Cumulative | Mass Emission
Control Particle Size? Mass % Factor
Product Device (pm) < Stated Size | (kg/Mg alloy)
30% FeSi

Open furnace Nome®* 0.63

45 16
(SCC 3-03-006-01) 1.00 50 18
1.25 53 19
2.50 57 20
L 6.00 61 21
- 10.00 63 22
. 15.00 66 23 )
20,00 69 b 24
i —° 100 P35 :
| Baghouse | 0.63 31 028 | B
; L 100 39 0.35
| § 1.25 el 0.40
' 2.30 54 ; 0.49 -
.00 , &3 0.57 ‘
10.00 72 0.63
15.00 80 0.72
20.00 85 0.77
100 , 0.50 |

80% FeMn _
Open furnace Nope®*
{SCC 3-03-006-06)

<

(o))

(93]
W)
O

{
w

[ I
L T §Y

fgerubs
o)
I 4 L) O O oo

[ SV 8]

O g\

S) 2 i ;
10. 36 ‘. 1 !
15 96 | !

20 97 5 1
é 100 : 1

Baghouse® 0

By

A

0.070
0.085
0.12

0.160 |
0.200 !
0.220 |
0.235 |
0240 |

(18]

O
o
pre
[oe]

—
o
O 0 O s L Lo s
83:)«,)~3*DMO

Pt
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Table 12.44 (cont.).

Control

Particie Size®

Cumulative

Mass Emission

Factor

EMISSION
FACTOR

Product Device (um) < Stared Size | (kg/Mg alloy) RATING
Si Meal® _ .
Open furnace None" 0.63 37 249 B
(SCC 3-03-006-04) .00 67 292
1.25 70 305
2.50 75 327
6.00 80 349
10.00 86 375
15.00 91 397
20.00 03 L 414
—c 100 436
Baghouse 1.00 49 i 7.8
1.25 s 1 g5
2.50 6 | 10.2
| 6.00 76 ‘ 12.2
10.00 87 13.9
L 13.00 96 15.4
20.00 99 15.8
A K 100 16.0
FeCr (HC)
Open furnace Nonz®s | ¢.5 ‘- ¢ i3 C
.} (CC 3-03-006-07 2.0 36 28
2.0 60 47
. L L3 63* 49
2.0 | 76 59
! 8.0 88~ | 67
- | 10.0 91 71
L= 100 78
e ESP 0 33 0.40 C
i 47 0.56
57 0.80
80 0.96

R e Rk ReR=R

Yt

0.0 Oy s b b e

1.03
1.08

1em
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Table 12.4<4 (comt.),

i Cumularive
Cumuiative | Mass Emission
Control Partcie Size® Mass % Factor
Product Device (um) < Stated Size | (kg/Mg alloy)
SiMn .
Open furnace None®® 0.3 28 27
(SCC 3-03-006-05) 1.0 a4 42
2.0 60 58
2.3 65 62
4.0 76 73 ‘
6.0 &3 g2
10.0 96" 92% H
—¢ 100 96 iz
Scrubber™-2 0.5 36 118 C -
1.0 80 1.68 -
2.0 96 2.0z
2.5 Qg .08
4.0 993 .00
6.0 09 o« 2.10F
10.0 100 z.l '
® Aerodynamic diameter, based on Task Group On Lung Dynamics definition.
Particle density = 1 g/em”. -
° Includes iapping emissions.
¢ References 4,10.21.
¢ Total particulate, based on Method 5 total cateh {see Tabies 12.4-2 and 17.43).
© Inciudes tapping fumes (estimated capmure efficiency 50%).
! References 4,10,12.
¢ References 10,13.
'f‘ Includes tapping fumes (estimated capwure efficiency 60%).
! References 1,15-17.
* Interpolated dara.
& References 2,18-19.
? Primary emission control system oniy, withour tapping emissions.
12.4-14
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Table 12.4-5 (English Units). SIZE-SPECIFIC EMISSION FACTORS FOR

SUBMERGED ARC FERROALLOY FURNACES

r | Cumulative |
! Cumulative | Mass Emission EMISSION
| Comol | Particle Size® | Mass % Factor FACTOR
{ Preduct Devize (um) < Stated Size| (Ib/on alloy) | RATING
g% FeSi ‘ :
Open furnace None®* 0.63 45 32 } B
{ (SCC 3-03-006-01) 1.00 50 35
1.25 53 37
i 2.50 57 40
§ 6.00 61 43
i 10.00 63 44
; 15.00 66 i 46
| 20.00 69 48
é —< 100 70
i Baghouse 0.63 31 0.56 B
; 1.00 39 0.70
i 1.25 44 0.80
? 2.50 54 1.0 |
6.00 63 | 1.1 ;
! ! 10.00 72 l 1.3 I
; | 15.00 80 1.4
| | 2000 83 1.5
| 100 | 1.8 |
130% FeMn o |
1 Opean furnace Nonme®s | 0.63 30 8 i B
| (SCC 3-03-006-05) | 1.00 46 1013
i 1.25 52 | 15
! 2.50 62 17
| 6.00 72 20
; 10.00 86 ; 24
! 15.00 96 i 26
2000 7 27
—¢ 100 28
0.63 20 0.10 B
1.00 30 0.14
1.25 35 0.17
2.50 43 0.24
6.00 7 0.32
16.00 83 0.40
15.00 92 0.44
20.00 7 0.47
~d 100 0.48

Metallurgical Industry
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Table 12.4-3

{cont.).

Product

Conrol

Pardcie Size*
(pem)

Mass %

| < Stated Size

(14

Cormuizarive

Mass Emission

Factor
(Io/ton alloy)

1

Si Memié

— -
Ppal
ool

Open Furnace

(SCC 3-03-006-04)

HO)
Open furnzce

(SCC 3-03-006-07)

None®

Bagnouse

1.00
1.23
2.30

2228
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Table 12.4-5 (cont.).

i‘ Cumularive
| Cumularive | Mass Emission | EMISSION
Control Particle Size® Mass % Factor FACTOR
| Device (um) < Stated Size | (Ib/on alloy) | RATING
1
- % furpace \ Nope®™ 0.3 28 \ 54 C
SCC 3-05-006-05) | 1.0 a8
'I 2.0 60 ‘\ 115
25 €3 13
\ 40 76 146
6.0 85 | 163
\ 10.0 ogk | 177
| ¢ 100 I \
| Scrubber™” 0.5 s | 23 | c
\ 1.0 80 3.34 1
2.0 96 ‘; 4.03 t
‘; 25 99 IR
| % 4.0 995 | 418 |
| i 6.0 99.9% | 4208 \
‘, 1 '1 10.0 100 43 |

Aerodynamic diameter ohsw’ on Task Group On Lung Dynamics definition.
Particie density = 1 .

includes wmpping £mMISSiOns.

References 4.10.21.

“n

- Total particulate, based oD Method 5 total carch (sse Tabies 12.42 and 12.+
' Includes tapping fumes (estimated capmure efficiency 50%).

. References 4.10.12.

References 10.13.

Includes wpping fumes (estimated capture eificienc v 60%).

— . ° Referencss 1.15-17.

Interpolared data.

References 2,18-19.

Primary emission cOmIol System only, without 12pping 2missions.

3.

ty s S O

Available dara zre insufficient to provide emission factors for raw material handling,
prereatment, and product handling. Dust particulate 1s omitted from raw material handling, storage.
and prepararion activides (ses Figure 12.4-1). These activities include unioading raw materials TOm
delivery vehicles (ship, railway car, or wuck), sioring raw materials in piles, loading raw materials
fmm storage piles imto wucks or oonool_ cars, and crushing and screening raw materials. Raw
Mmals may be dried before charging in rotary or other Lypes of drvers, and these dryers can
penerate significant particulate emissions. Dust may also be generated by heavy vehicles used for
Ioading; unloading, and transferring material. Crusning, screening, and storage of the ferroalloy
EProduct emit particulats maner in the form of dust. The properues of particulate matier emitted as
ES; are sxm:lar 1c the nzmral nropam.s of the ores or alloys from which they originated, ranging in

(Reformaned 1/95) Metallurgical Industry 12.4-17




Approximareiv haif of ai] ferroalloy faciiities have some
Dust generzred from raw material storage may e conwolled in severai ways, inciuding shel
Storage piles from the wind with block walls. snow fences, or plasdc covers. OC«GSLODZ.HV nﬂg_
Sbrayed with water to prevent airborne dust. Emissions generared by heavy vehicie traffic may
reduced by using a weting agent or paving the piant vard. Moismre in the raw materials, which
be as high as 20 percent. helps to limit dust emissions from raw material unioading and loading 2

Dust generzared by ¢ crushing, sizing, drying, or other prewestment acdvites may be conmolled by da

collecdon equipment such as scrubbers. cvclones. or f=bric fiters. Ferroallov produc: crushing apg

Su.an USKEJJV f..Q"LILI'" fabric filter. The Taw mzierizl smission collecdon vcmmma"‘ may be

comnectad w the furnmace emission commol svsiem. Fo- fugitve emissions Som oTen sources, ses
Section 13.2 of this docurnent.

type of conrol for dust .rmss Ony

References For Section 12.4
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“Rocks and Minerals” Chapter 3: Earth
(NY: W.H. Freeman, 1982)
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¢ minerals tha: mase them up are the tangible recorc of gec-

iogic process2s. The minerals o the Earth are understood in terms of their

he o

all of
three maior groups. |
of origin, Thev are further sub

rerpral detaiis of their origin.

Picking up pretty stones and showing or wearing
them must go far back into human prehistory. The
earliest records of practical use of stones. though.
are of arrowheads and spear points made of flint
i¢ sedimentary rock) or obsidian (volcanic glass).
hoth of which are hard materials that break with
snarp edges. From the practical use of individual
stones as tools. weapons. and decorations. it was a
nig step to the wholesale mining or quarrving of
rocks and minerals for building. for making clav
for pottery. and then for the ores that contain met-
als. Today mining is done so expertly and inten-
sively that geologists have come to concern them-
selves with the exhaustion of the world's valuable
mineral resources: minerals of economic signifi-

cance and their reserves are covered in Chap-
ter 22,

THE MATERIALS OF EARTH

Because of the many uses of rocks and minerals.
we have a practical curiosity about where they
are found and how they were formed: we want to
be able to find more. Yet there are other reasons.
too. for rocks. as we have seen. are the onlv rec-

whnich are used tor their identification. Rocks are divided into the
neous. meiemorphic. and sedimentary. on the basis
ided within each group according io min-

1

nrovide the date that allow us io in-

ords of how the Earth evolved. and thev are an
important guide to how the Earth works todar.
For this reason. mineralogy. the studyv of minerals.
and petrology, the study of rocks. are important
subfields of geology. Finally. there is the intrinsic
interest in the extraordinary range of the mineral
kingdom. with its immense variety of color. form.
and texture. Minerals and rocks. after all. give us
the marble and alabaster of sculpture. the jade of

Eastern carvings. and the pigments used by Rem-
brandt.

What Information Do We Want from Rocks?

If the nature of rocks is a clue to manyv of the
things we want to know about the Earth, how do
we go about interpreting it? We need a key. just as
ancient historians needed the Rosetta stone to
crack the "code” of Egyptian hieroglvphics before
thgy could read that part of human history. First
of all we want to find out just what the minerals
are made up of and how the rock is put together
from its constituent minerals. From its composi-
tion we should be able to say something about
where the parent material came from and what it
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Sedimentary Metamorphic

age.and.
depositional
environment.. .

Figure 3-1
The mineralogy and texture of a rock are the kevs to
inferring its origin.

was like (Fig. 3-1). What was the magma like? Or.
what were the source rocks of a sediment? Or.
what were the preexisting rocks that were heated
and compressed to make a metamorphic rock?
From the composition and the texture of the rock
we should also be able to tell something of the
pressures and temperatures at which the rock was
formed by comparing these properties with the
artificial rocks and minerals made in the labora-
tory.

in this chapter we cover the nature of the rocks
and minerals that make up the Earth's crust and
mantle. We first explore the relation of rock to
mineral. Next we show how the external appear-
ance and properties of minerals are related to the
wav in which their fundamental building
blocks—the atoms and ions of the chemical ele-
ments—are connected with each other in the in-
vernal architecture of crystals. With that picture
in mind we can describe the mineralogy and tex-
sures of the three great classes of rocks.

Rocks Are Made of Minerals

A rock is many things. It is a collection of the par-
ticular chemical elements that make it up. Those
elements are not found randomly mixed in a rock.
but they are distributed among an assemblage of
minerals (Fig. 3-2). A mineral is a solid chemical
compound that is characterized by a definite com-
position or a restricted range of chemical compo-

sitions and by a specific. regular architecture of
the atoms that make it up. Like all chemical com-
pounds, minerals are homogeneous: a mineral
cannot be separated mechanically into different
substances. Minerals make up a rock just as bricks
make up a brick wall. in a great variety of ar-
rangements. In coarse-grained rocks the minerals
are large enough to be seen with the naked eve. In
some rocks the minerals can be seen to have crys-
tal faces. smooth planes bounded by sharp edges:
in others. such as a tvpical sandstone. the miner-
als are in the form of fragments without faces. In
fine-grained rocks. the individual mineral grains
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Figure 3-2

How atoms combine to form rocks. Atoms
make up the small structural components
that form minerals. which in turn combine
10 form rocks. Units of length are shown
at left. A stands for angstrom unit. 1A =
10~ cm.




so small that they can be seen onlv with a
verful magnifving glass. the hand lens that the
Seld geologist carries. Some are so small that a
microscope is needed to make them out.

On the basis of certain characteristics. particu-
larly physical and chemical properties. several
:hoﬁsand minerals can be distinguished. each de-
gned by its unigue set of properties. For thou-
sands of vears. people who have used minerals—
whether miners looking for iron ore minerals or
artists looking for minerals to grind into pig-
ments—have used simple physical and chemical
tests to distinguish one from another. Color is one
obvious characteristic. Differences in hardness
were found to make it easy to distinguish between
minerals that look similar. How minerals break
apart. some showing smooth cleavage planes and
others rough irregular fractures. proved to be a
reliable way to identify certain minerals. Simple
chemical tests were found useful in the field.
such as dropping acid on a mineral suspected of
being calcite (CaCOj) to see whether the mineral
would fizz as it dissolved. releasing carbon dioxide
bubbles.

Early in the study of minerals it was realized
that all grains or crvstals of a mineral. like quartz.
have just about the same qualities regardless of
the kind of rock in which theyv are found. Some
minerals, particularly those that have a more
complex mixture of atoms. vary slightly in their
properties. depending on their precise composi-
tion. A mineral like garnet, for example. has a
number of varieties. Each variety has its own
range of composition. such as the proportions of
iron and other elements. and hence. its own set of
properties.

Rocks are not as uniquely defined by their
properties as minerals are. Because of the im-
mense number of ways in which the thousands of
minerals can be combined, the geologist is faced
with a bewildering array of rock tvpes. The only
way to make order out of this array is to classify
like with like and to sort out by general type (Fig.
3-3). The major division of rocks into igneous,
sedimentary, and metamorphic is just such an aid.
Within each major division there are manv
groups and types. Using characteristic properties,
we can divide the rock kingdom into several hun-
dred general types, each with its own more-or-less
distinctive earmarks.

Despite all of these numbers, a remarkable
amount can be done by knowing even a small
number of the most common minerals and rocks.
In most parts of the world a field geologist can
make an accurate geologic map by knowing only
a few dozen major minerals and even fewer com-
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mon rock types. This simplification is possible
because most of the thousands of known minerals
are either rare or unusual. In addition, many min-
erals can be lumped into groups. Thus the geolo-
gist who can recognize garnet will do well. even
though a mineral sophisticate who can distin-
guish the many varieties of garnet by their slightly
different chemical compositions might do better.
Naturally. the more we can distinguish. the more
the information gleaned. and the greater the
power of our theories of explanation. That is why
petrologists have to know a great deal about min-
eralogy.

Just how do we go about identifyving minerals
and explaining their origins from their character-
istics? In the field we still use external form and
other obvious phvsical properties. In modern lab-
oratories. however. advanced instruments are
used to learn the basic composition and atomic
architecture of minerals. These are the underlving
determinants of the other properties. From analy-
sis of crystal structure and external form. we
draw the best conclusions of origin. The next sec-
tions take us from the study of crystal faces to the
explanation of phvsical properties in terms of the
atomic arrangement.

CRYSTALS: FACES AND SYMMETRY

The regularity of crystal faces is the most striking
feature of the external form of minerals, and for
many vears minerals were studied and identified
mainly by analvzing their symmetry. In addition
to his earlier contributions—enunciating the laws
of stratigraphy and recognizing fossils—Stenoc
wrote in 1669 that quartz crystals, wherever
found. always show the same angle between simi-
lar crystal faces. By the late eighteenth century.
his constancy of interfacial angles became ac-
cepted as a generality applicable to all minerals.
By 1801 the major work of the great crystallogra-
pher René Haliy was accomplished. all in the
midst of the great upheaval of the French Revolu-
tion. Hally summarized the laws of crystal sym-
metry, the regularities of crystal faces. That svm-
metry, we now know, is a manifestation of the
svmmetry of the arrangement of the atoms that
make up the crystal. As a consequence of the
work of Hailiy and others, the early part of the
nipeteenth century was a time of intense study of
the relation between the external forms of miner-
als and their chemical composition, a develop-
ment that paralleled the great geological explora-
tion of the Earth and the growth of the geological
time scale.
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Figure 3-3

Flow chart of rock properties as determined by ch
stituents. The minerals ore classified both by th
Rocks are grouped both by texture. the smaller-sca

eral grains in the rock. and by structure. t
constituents.

How to Measure a Crystal

A crvstal is a piece of matter whose boundaries
are naturallyv formed plane surfaces. The geome-
trv of a crystal may be relatively simple. as in the
cubes of fluorite (Fig. 3-4) and of common salt. the
mineral halite: or they may be beautifully com-
plex. as in snowflakes. the crystals of ice {Fig. 3-3).
Crvstals are usually formed when a liquid solidi-
des or when a solution becomes supersatu-
rated—that is. too enriched in dissolved material
to hold it anyv longer—and the dissolved sub-
stances precipitate. or “drop.” out of solution.
When some liquids. such as molten silicates.
congeal very quickly. the solid that forms is not
crystalline but glassy; in this case crystals with
plane faces do not form. but only masses with

aracteristics of the mineral con-

eir grain size and by crystal form.

le details of arrangement of min-

he larger-scale aspects of the mineral

Figure 3-1
Interlocking cubic crystals of fluorite.
[Photo by Alfred A. Blaker.]
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Figure 3-5
Photomicrographs of snowflake crystals. These were described as among
the choicest specimens of crystal architecture in a 25-vear search by Wil-
son Bentley, pioneer photographer of snow crystals. [Photos by Wilson
Bentley. courtesy of Duncan Blanchard. State University of New York
at Albanv.]

Figure 3-6

Obsidian. a volcanic glass. The curved.
sharply terminated fracture surfaces are
tvpical of conchoidal fracture, which
characterizes glasses and a number of
minerals. [Photo by R. Siever.]

curved. irregular surfaces (Fig. 3-6). This absence
of crystallinity is tvpical of quickly cooled mate-
rial in many lavas. The glassy texture is the result
of lack of regular. symmetric order in the arrange-
ment of atoms.

The most useful measurements to be made on
crystals are those of the angles between faces (Fig.
3-7 and 3-8). From these angles the geometry of
all of the faces in relation to each other can be
constructed. Hatly and other mineralogists dis-
covered that, in addition to constancy of interfa-
cial angles, each kind of crystal exhibits other reg-
ularities: definite symmetrical relationships exist
among faces, and there are certain simple mathe-
matical relations between the angles of all faces.
The marvel of finding such simplicity in the midst
of apparent complexity is what led Hatliy and oth-
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Figure 3-7

Quartz exhibits a variety of crystalline forms ranging
from groups of crvstals with well-developed crystal
faces. such as those on the left. to masses of crystals
intergrown in such a way that no crystal faces are
developed. such as in the broken pebble of vein
quartz on the right. [Photo by R. Siever.]

Figure 3-8

Drawing of a perfect quartz crystal.
A section at right angles to the long
axis shows a regular hexagon with

faces at 120° angles.



Figure 3-9

High-magnification electron micrograph of a section
of the mineral cordierite, a magnesium-iron-alumino-
silicate. This image was made perpendicular to one
of the major axes of symmetry. The inset shows the
idealized structure deduced from x-ray diffraction.
[From Peter R. Buseck and Sumio lijima. "High Res-
olution Electron Microscopy of Silicates.” American
Mineralogist. v. 59, 1974, Copyright © 1973.]

Figure 3-10

Microscopic view of a thin section {transparent slice!
of diorite porphyry under polarizing light. The white
crystals are feldspar: the large. dark. more-or-less
rectangular ones are hornblende. The large crystals
were all once floating in a meit. which is now
represented by the fine-grained groundmass. LWidth
of deid 2.5 mm. [From Geologyv of Soils by Charles B.
Hunt. V. H. Freeman and Company. Copyright o
1972,

ers to infer that there must be an underlying order
to the arrangement of the atoms in crystals—an
idea that could not be verified until a century
later when x rays were discovered and beamed
through crystals.

Another element of order became evident after
hundreds of different kinds of crystals had been
measured. Mathematical analysis showed that
there are only thirty-two different ways of arrang-
ing atoms about a point that will allow the build-
ing of a three-dimensional crystal that obeys sym-
metry rules. Measurement of angles between
crystal faces and analysis of the symmetry of
crystals led to a simple all-inclusive classification
that consists of a limited number of major crystal
systems and classes of those systems. The analysis
of svmmetry is still a part of modern mineralogy.
though it is now studied by x-ray diffraction and
electron microscopy rather than by the observa-
tion of angles between crystal faces {Fig. 3-9).
Symmetry remains important because it is one of
the basic clues to the pattern of regularity of the
atoms in a crystal.

MINERALS AND THE MICROSCOPE

In 1858. at the end of the half century during
which the modern laws of crystallography were
worked out. the English geologist Henry Sorbyv
published a memoir. On the Microscopical Struc-
ture of Crystals. It was Sorby's inspiration to use
the knowledge that rocks become transparent if
slices are ground thinly enough” and that the way
crystals affect polarized light passing through
them provides a means of identifving minerals
and of studying the mineral compositions and
rextures of a wide variety of rocks. Using a polar-
izing microscope. Sorby could for the first time
identify small grains or crystals that could be seen
only with high-power magnification (Fig. 3-10).
From the various properties of minerals in po-
larized light. mineralogists have constructed de-
:ailed tables for the identification of crystals.
Using these tables while studving thin sections of

“Thin sections are made by cutting off a slice of rock about
. mm thick with a saw containing embedded diamonds. One
side is then ground smooth with silicon carbide grinding pow-
ders and cemented to a giass siide. Next. the open side is ground
down to the desired thinness. about 0.03 mm. the last gentle
stages of polishing being monitored with a microscope. Some
minerals are opaque no matter how thin they are ground. These
sre the metallic minerals. sometimes called the opaque miner-
ais. An example is pyrite. FeS..




gock under the microscope. the geologist can tell
what kinds of minerals are put together in a
attern to make up the rock.
P,;mcular p

THE ATOMIC STRUCTURE
OF MINERALS

Though many nineteenth-century mineralogists.
following the lead of earlier scientists. had specu-
jated about how the atoms that make up all matter
might be arranged in crystals, there was at the
ume no way to confirm any relation between ex-
ternal form and internal structure. By the begin-
nine of the twentieth century. many mineralogists
were convinced that crystal form, chemical com-
position. and such phyvsical properties as color
and hardness. might be explained in terms of
some hypothetical atomic pattern. but they still
had no proof. That proof was provided in 1912 by
the German physicist Max von Laue and two of
his students when theyv irradiated a crystal of cop-
per sulfate with x rayvs and produced an x-ray dii-
fraction pattern on a film placed behind the cryvs-
tal. Von Laue reasoned that if ordinary light could
be diffracted—that is. deflected around corners to
give a pattern of fringes when it is directed
through very tinv openings such as pinholes or
slits—so could x ravs beamed through crystals.
Von Laue guessed that if the mineralogists were
right in their speculations about crystals being
orderly arrangements of atoms. the pattern of x
ravs could reveal how the atoms are arranged in
space. Only one vear after that remarkable and
crucial experiment. an English father-and-son
team, William H. Bragg and William L. Bragg,
published the first crystal-structure analysis of a
mineral. halite. The Nobel Prize in physics was
awarded to the Braggs for this work in 1915 when
the vounger Bragg. William L.. was only twentv-
five.

In the next dozen vears a great many minerals
were structurally mapped. This work paved the
way for the Norwegian mineralogist and petrol-
ogist V. M. Goldschmidt to outline, in 1926, all of
the general principles governing the ways that the
atoms of different elements are assembled to form
crystals. Finally, some explanation could be given
for the long-known facts of the external appear-
ance of crystals and their properties. The expla-
nation lies in the structure of atoms, their system-
atic changes with increasing atomic number and
atomic weight, their atomic size, and their ability
to form various kinds of chemical bonds with
other atoms.

ROCKS AND MINERALS
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The Gain and Loss of Electrons

As we noted in Chapter 2. an atom consists of a
cloud of electrons around a relatively small nu-
cleus of protons and neutrons. An atom may gain
or lose one or more electrons, thus forming an ion,
charged positively or negatively depending on the
relative numbers of protons in the nucleus and
electrons surrounding the nucleus. The number of
protons remains the same. even though electrons
may be lost or gained. A positively charged ion. a
cation, has lost electrons: a negatively charged
ion. an aniomn, has gained electrons.

Working out the rules that describe how elec-
trons are tied to the nucleus was a major part of
the business of atomic phvsics earlv in this cen-
tury. Contemporary concepts of atomic structure
picture the locations of electrons around the nu-
cleus as orbitals whose shapes and sizes depend
upon the energy level of the electron. The ease
with which electrons are gained or lost is de-
scribed in terms of the electronic structure of the
elements, in which orbitals are representied as
simple electron “shells"—spheres about the nu-
cleus whose radii are proportional to their energy
levels (see Fig. 2-24).

The elements can be classified on the basis of
electronic structure (Table 3-1 and Fig. 3-11). One
small set includes the elements whose outermost
shell is populated by eight electrons. They are the
noble gases: neon, argon. krypton. xenon. and
radon. Because this is a stable configuration. these
elements have little tendency either to gain or to
lose electrons. and so do not form any important
crystalline compounds. Helium. with only two
electrons, is also stable and belongs with this
group.

Another set of elements is made up of those
whose outermost shells may gain or lose elec-
trons. These elements include most of the com-
mon abundant ones, such as sodium, potassium,
magnesium, calcium, and chlorine. These ele-
ments have a tendency either to gain or to lose
electrons in order to assume the stable configura-
tion of the inert gases. When a chlorine atom
gains an electron, it becomes the chloride anion
with eight electrons in the outer shell. thus
achieving the same electronic structure as that of
argon. Similarly, the element potassium has a
siong tendency to lose an electron and form a
cation with exactly the same structure as the chlo-
ride ion. The electrons that are gained and lost,
called valence electrons, determine the chemical
behavior of the elements.

Other elements have very weak tendencies to
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Table 3-1
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Types of electronic structure of the elements (other than rare earths or actinides)

Type of eiement Common elements

Characteristics

Nobie gases Helium. argon

Alkali metals
Alkaline Eartn metals

Sodium, potassium
Calcium, magnesium

Halogen groucs
Oxygen grous

Fluorine, chiorne
Oxygen. suifur

Boron group
Carbon group
Nitrogen group

Boron, aluminum
Carbon, silicon
Nitrogen, phosphorus

Transition eiements Iron, copper, zing

Quter shells of elements have stabie, filled con-
figurations and no tendency to form chemicai
compounds.

Outer shells have one or two valence electrons
and strong tendency to lose them and form
cations

Quter shells need one or two electrons to ai-
tain stable configurations and have strong
tendency to gain electrons and form anions

Quter shells tend to attain stable configurations
by sharing electrons with other atoms and
have weak tendency to gain or lose electrons

Valence electrons tend to be gained or lost from
an inner shell rather than the outer sheil

gamn or lose valence electrons but strong tenden-
cies to share them with atoms of the same or dif-
ferent kind. thus achieving a stable configuration.
in electron sharing. a shared electron cannot be
considered to have been gained or lost. In a sense.
both nuclei have “gained” the electron for what-
ever part of the time that it can be visualized as
belonging to the one or the other nucleus. Carbon
and silicon are two important elements in this
aroup.

The transition elements are those whose va-
lence electrons are in the next-to-outermost
shells. These elements may form several different
kinds of ions: iron. for example, forms two ca-
tions, Fe®* and Fe®* (see Chapter 4).

The importance of electronic structure. shells
of valence electrons. and stabilitv of the outer
shell is that they all determine the nature of chem-
ical bonding of one element to another in crystals.
There are a number of bond types. and thev are
not mutually exclusive. A particular bond may be
largely of one type but have some characteristics
of another.

Ionic Bonds

The simplest form of chemical bond. in some
ways, is the ionic bond. Bonds of this tvpe are
formed by electrostatic attraction* between ions

* Electrostatic attraction is described by Coulomb's law: the
attraction (or repulsion) between two charged particles is di-
rectly proportional to their product and inversely proportional
to the square of the distance between them.

E = k(g, x g5)/d?

where E is the attractive force, the g's the number of charges on
the ions or electrons, d the distance, and k a proportionality
constant associated with the medium in which the attraction
takes place. The value of k is 1 in a vacuum.

O Sodium

C Chloring

Figure 3-12

Cubic structure of sodium chloride.

The lines between ions are drawn onlv

to show the geometry of the cubic outlines.
Ions not drawn to scale.

of opposite charge. This attraction is of exactly the
same nature as the attraction that makes hair
stand up when some synthetic fabrics are drawn
over it. lonic bonds form most strongly between
elements like sodium and chlorine, which have a
strong tendency to gain or lose electrons and be-
come cations or anions. In fact, the simplest of all
ionically bonded crystalline substances is sodium
chloride, whose crystal structure was the first to
be worked out. From a look at Figure 3-12 one can
see the symmetry of the ionic arrangement, that
each ion of one kind is surrounded by six of the
or.l%gr. There is no “molecule” of NaCl as such.
ThE'six neighbors give rise to a new measure, the
coordination number. Both sodium and chloride
ions are in six-coordination. The six-sided figure
defined by the lines joining the anions (chloride)
that surround the cation (sodium) is an octahe-
dron with the anions at the corners. In the same
way, other simple geometric figures correspond to
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Box 3-1 CRYSTAL SYMMETRY

One can see how a simple crystal is analyzed by"&kﬂng
a cube and noting, first, the obvious relation that all
faces are always at 90° to each other and. second, that
there are three mutually perpendicular imaginary
planes such that each is a plane of symmetry; that is,
each face on one side of the plane is mirrored on the
other side. Or, one can hold opposite faces of the cube
on an axis between thumb and forefinger and spin it
around to find that there is a fourfold axis of symimne-
trv; that is. in one complete rotation of 360° a face will

be repeated four times. Another axis of rotation be-
tween opposite corners is a three-fold axis of symme-
try. The essence of symmetry is this: a simple geometri-
cal operation can be performed that will repeat a face
in another position. To put it another way, if one per-
forms an operation such as a rotation. a new face will
occupy the same position that was occupied by an-
other face before rotation—and one cannot distinguish
the final appearance from the original one.

Crystal systems

Systemn Mimmum symmetry Reference axes
Isometric 4 3-foid axes 3 mutually perpendicular:
all of same length
Trigonal 1 3-fold axis 4 axes. 3 horizontal with
120° intersections,
1 vertical. Horizontal
axes all of same iength;
vertical axis any length
Hexagonal 1 &-fold axis Same as trigonal
Tetragonal 1 4-iold axis 3 mutuaily perpendicular:
2 of same length. 3rg of
any length
QOrthornomuoic 3 2-ioid axes or 3 mutually perpendicuiar;
3 symmetry planes each of any length
Monoclinic 1 2-ioid axis and. or 2 axes at oblique angle.
1 symmetry plane 3rd axis perpendicular 0
plane of the other 2
each axis of any length
Triclinic 1-fold axis or 3 axes at oblique angles:

center of symmetry each of any iength

Note: In some classifications, hexagonal and trigonat are consicered 10 e
divisions of one crysial system, the hexagonal.

other coordination numbers: 3 for the anions at
the corners of a triangle and 4 for the anions at the
corners of a tetrahedron (Fig. 3-13). The coordina-
tion number can be estimated from the relative
sizes of the ions. The ionic radius varies among

Cations are small. most of them less than 107°
centimeters in radius. But most anions are large.
as is the most common anion in Earth. oxygen.
From this fact it is apparent that most of the space
of a crvstal is occupied by the anions and that the

the elements depending on atomic number and
ionic charge of the ion. Comparisons between
ions are then expressed as a radius ratio, the ratio
of the cation radius to the anion radius. In gen-
eral. the larger the radius ratio. the larger the co-
ordination number. Though there are many addi-
tional complexities, mineralogists have been able
to predict a large number of structures based on
these criteria alone.

cations fit into spaces between them. Figure 3-1+
shows the NaCl structure with ions of approxi-
matelv the correct size.

Covalent Bonds

Compounds that achieve a stable electronic con-
figuration by sharing electrons rather than gaining
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Figure 3-13

Coordination numbers correspond to regular geomet-
ric figures defined by lines joining the anions that
surround a cation (small dark circle). (a) Coordina-
tion number 3 gives a plane triangle: (b) coordination
number ¢ gives a tetrahedron: (c) coordination num-
ber 6 gives an octahedron.

Figure 3-14

Cubic structure of sodium chloride.
showing the ions in their correct relative
sizes.

or losing them are held together by covalent
bonds. The formation of such bonds depends on
the number and distribution of shared electrons
in the outer shells, and so the kinds of compounds
and crystal structures formed are determined by
more complex factors than the simple geometric
ones determined by the ionic bonds in crystals.
Elements that do not readily gain or lose electrons
to form ions—for example, carbon—form bonds
of this kind. The simplest covalent structure is
that of diamond, in which every carbon atom (not
an ion) is surrounded by four others (coordination
number 4) arranged in a regular tetrahedron.
When coordinated in this way, each carbon atom
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shares an electron pair with each of its four neigh-
bors and thus achieves a stable octet of electrons
in its outer shell.

The van der Waals Bond

Much weaker bonds than ionic or covalent bonds
exist between all ions and atoms in solids. They
are named after the man who inferred their exist-
ence from weak attractive forces shown by atoms
and molecules in gases. The van der Waals bond
is a weak electrical attraction that is related to the
asvmmetry of certain atoms and ions. They plav a
role of moderate importance in some silicate min-
erals. where their presence is not masked by the
more powerful ionic and covalent links.

The Structures of Some Common Minerals

Though the variety of known structure types in
the universe is great, geologists usually encounter
only a relatively small number, largely because
most rocks are made up of silicate minerals, com-
posed of the two most abundant elements in the
Earth’'s crust. oxygen (O) and silicon (Si). Silicates
are of a few main structure types. The basis for all
silicate structures is the radius ratio of silicon to
oxvgen, about 0.30, which allows each silicon to
be four-coordinated to four surrounding oxygens
in a regular tetrahedron (Fig. 3-13). Silicate struc-
tures are made up of these tetrahedra arranged
in different wavs, with such cations as sodium
(Na~), potassium (K*), calcium (Ca**), magnesium
(Mg?%), ferrous iron (Fe**) and ferric iron (Fe%*) in
the interstices (spaces) between. The bond be-
tween Si and O is about half ionic in character
and half covalent, the Si sharing one of its outer
electrons with each oxygen ion. Adjacent silicons
may share oxygen ions, allowing networks of sev-
eral kinds to be built up of tetrahedra. Many sili-
cate minerals also contain aluminum, the third
most abundant element in the Earth's crust. The
radius ratio of aluminum to oxygen is 0.36, close
enough to the silicon-oxygen ratio to allow alu-
minum to take the place of silicon ions in a tetra-
hedral structure. The ratio is large enough, how-
ever, to allow aluminum to be octahedrally
coordinated too, like the ions in NaCl, and it may
ypin adjacent tetrahedra by a largely ionic bond.

Cations that have similar coordination numbers
and similar ionic radii tend to substitute for each
other and make mixed compounds that we call
solid solutions, which are analogous in every way
to common liquid solutions. Natural olivines are
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Table 3-2
Major silicate structures

Geometry of linkage Si/0
of SiO, tetrahedra ratio

Example Formula

minerai

¥
)

Isolated tetrahedra: 14
linked by bonds

sharing oxygens P,

oniy through cation

QOlivine (Mg.Fe),SiO,

Rings of tetrahedra: 13 N
joined by shared -
oxygens in 3-. 4

or 6-membered rings .

Beryl BeAl(Sis0.,)

Single chains: each 1:3 —

tetrahedron linked -
to two others by -
shared oxygens.
Chains bonded

by cations -

Pyroxene {Mg.Fe)Sio,

i1

S

Double chains: 2
chains joined by
shared oxygens as
well as cations

Amphibole 1Ca,MQ5)Si130:,(OHY

N
[¢4)

Sheets: each tetra-
hedron linked to

3 others by

shared oxygens. . ;
Sheets bonded by PRa

cations or —. —

alumina sheets -

Kaolinite Al Si.0.(OH).

Frameworks: each 3:8
tetrahedron shares

all its oxygens

with other SiO, 1:2
tetrahedra (in quartz)

or AlQ, tetrahedra

Feldspar NaAlSi,0,

(Albite)

Quartz S0,

solid solutions of variable amounts of iron and
magnesium silicates. The pure magnesium olivine
is Mg,Si0,, forsterite: the pure iron olivine is
Fe,Si0,, favalite. The composition of the natural
solid-solution mineral is represented bv the for-
mula (Mg. Fe),SiO,, which simply means that
there are two magnesium or ferrous ions. in what-
ever combination. for every silicate group.
Silicates are classified and named according to
the wav the tetrahedra are linked. as shown in
Table 3-2. [solated tetrahedra are linked by mu-
tual bondmc to a cation between. Rings of tetra-
hedra are formed by bonding of two oxvgens of
each tetrahedron to adjacent tetrahedra in closed
rings. Single chains form by the same linkage. In

some minerals two single chains are combined to
form double chains. in which the chains are
linked by cations. Sheets are structures in svhich
each tetrahedron shares three of its oxvgens with
adjacent tetrahedra to build planar lattices. In
three-dimensional frameworks. the tetrahedra are
linked by sharing oxvgens with other tetrahedra.
Aluminum may substitute for silicon in chains.
sheets. and frameworks.

A different sort of building block is the carbon-
ate ion. In this group of ions the carbon atom is
surrounded by three oxvgen atoms in a planar tri-
angle. Groups of carbonate ions are arranged in
sheets in a manner somewhat like that of the sheet
silicates. The mineral calcite is made up of car-

Wi e




Box 3-2 ELECTRONIC STRUCTURE OF THE ELEMENTS

The hvdrogen atom is the smallest and simplest of all
atoms. having just one proton in the nucleus and just
one orbiting electron (atomic number Z-1). Electron
orbits correspond to “shells” around the nucleus, for
electrons do not follow a simple. single path as the
planets do around the Sun but can be considered to
occupy. at various instants. points on a sphere. or
spheres. around the nucleus. As atomic number in-
creases. so does the number of electrons and the num-
ber of shells. The table lists the shells and the maxi-
mum number of electrons each can hold. The single
hvdrogen electron occupies the K-shell, the innermost
of the seven shells. The element of next higher atomic
number is helium, which has two electrons. both in the
K-shell {Z = 2). The K-shell can be occupied by only
two electrons. The element of next higher atomic num-

Blectron — 7 N\ K-snell
® B

Proton -—‘—-@) ;

ryarogen atom
Net cnarge (1=} =~ (1= =0

Atomic numper
@
Hydrogen 10n, a caten (K-alectron jost)

Net cnarge (1-)
Atomic numper 1

Neutrons =
X y
{Zero charge) \\-/. y
d
Helhum zlom
Net cnarge (2= — {(2—0) - 2{—) =0
Atomic numbper 2

Lithium atom
Net charge (3+) + (4—0) — (3—) =0
Atomic number 3

N

3

AR

Lithium ion, a cation (L-eiectron lost)
Net charge (3+) + (4—0) + (2~) = (1)
Atomic number 3

As atomic number increases, electrons fill
up the innermost, or K-shell, first, and then
start to fill the L-shell. Ions are formed
when atoms lose or gain electrons.

ber. lithium, has three electrons (Z = 3). one of which
occupies the next shell outward, the L-shell. This shell
can hold eight electrons. The first two shells, K and L.
fill up in order as the atomic number of the elements
increases from hydrogen to neon. After that. from so-
dium (Z = 11) to argon (Z = 18). the next eight elec-
trons start to fill up the M-shell. Then the regular order
is interrupted and the N-shell starts to fill before the
M-shell is completed. Then electrons are added to both
M and N shells. until M is filled, whereupon with in-
creasing atomic number, the O-shell starts filling and N
continues being completed. This complication of shell
filling helps to explain why the chemistry of the heav-
ier elements is somewhat more varied and complex
than that of the light elements. those with only two or
three shells.

Electron shells of atoms

Shell Maximum number of Example
electrons possible
in snell

Hydrogen

K 2 KA
Carpon

L 8 K-2. Lot
Silicon

M 18 K-2.L-8, M-4
iron

N 32 K-2. L-8. M-14,
N-2
Siiver

o 50 K-2, L-8. M-18
N-18, 0-1
Goid

P 72 K-2. L-8. M-18
N-32. 0-18, P-1
Uranium
K-2. [-8, M-18,

Q %8 N-32.0-21. P-9
Q-2
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Figure 3-15

An x-ray diffraction pattern of a feldspar produced
by an x-ray beam from various planes of atoms in
the crystal as the crystal is rotated in the x-ray beam.
The peaks correspond to reflections from particular
planes. some more strongly reflecting than others.

bonate sheets and intervening planes of calcium
ions. The mineral dolomite is made up of the
same carbonate sheets separated by alternating
sheets of calcium and magnesium ions.

Glasses lack the regularity of structure that is
tvpical of the crystalline state. In silica glass. for
example. the atoms are arranged in silica tetra-
hedra. but instead of being linked in a regular re-
petitive manner. they are more or less randomly
arranged. as they would be in a liquid.

All natural crystal structures have a variety of
defects and imperfections. These are the result of
disturbances of the ordered arrangement of atoms
by dislocations. which are small “faults.” bv holes
where atoms are missing, or by places of misfit
around an impurity atom or point of disorder.
These defects. as well as the specific nature of
crvstal faces. can be related to the conditions for
crystal growth and thus are clues to the environ-
ment in which the crystal grew. Since this is the
petrologist's goal in understanding how rocks
form. the study of the imperfections in crystal
structure is becoming almost as important as the
study of regularity and symmetry.

This brief tour through the world of crystal
structures is intended to give some idea of the
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Intensily ol x rays

power of the principles of atomic physics, crystal-
lography, and mineralogy, for it is from these dis-
ciplines that we have learned the extraordinary
details that enable scientists to explain how crys-
tals are put together. Now that you have some
idea of what is known about structure, it is possi-
ble to show how x-ray diffraction was used to
learn it all.

X RAYS: THE DIAGNOSTIC
TOOL OF MINERALOGY

Soon after von Laue discovered x-ray diffrac-
tion. W. L. Bragg found that a pattern of diffraction
corresponded to one that would be formed by re-
flection of the x-rav beam from planes within the
crystal, the reflection angles following certain
mathematical requirements. The many lines of
reflection that are found on x-ray patterns gach
come from one of the planes (Fig. 3-15). The pat-
terns of the lines can be used to find a probable
crystal structure. Today crystal structures are
analyzed by computer-controlled x-ray diffrac-
tion equipment. The results are fed into another
computer that spins out a complete structure
analysis, possibly even with crystal drawings.

X rays are used as a rapid means of identifving
minerals by their structures. They can be so used
because no two minerals have precisely the same
x-ray pattern, even though thev may have the
same structure type. The precise pattern of sheet
silicates. such as the micas, muscovite, and bio-
tite. differ. The spacings and the intensity of the
reflections depend on the kinds of atoms as well
as their arrangement. so each mineral is distinc-
tive. Today the x-ray machine is used for simple
mineral identification almost as routinely as the
somewhat crude physical and chemical tests were
used in the last century. X-ray equipment, how-
ever. is not easily carried into the field. even
though some semiportable units have been in-
vented. so it is still necessary to learn the simple
diagnostic features of the common minerals
(Appendix V).

PHYSICAL AND CHEMICAL
PROPERTIES OF MINERALS

A few vears ago in Quincy. Massachusetts, a
scratched message was discovered on the window
of a house that john Hancock had owned in the
eighteenth century. Speculation was that Han-
cock had scratched his and a woman's initials on
the glass with his diamond ring. Whoever made
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Table 3-3

Bond types and physical properties

Property lonic Covalent van der Waais
Structural Bond strength of any ion interatomic or ionic bonds Bond strength of any ion is

types is uniform in all directions
with high coordination

are strong only in a few
set directions, hence coor-

uniform in all directions with
high coordination numbers

numbers dination numbers low

Hardness Strong bonds give high

Stronger bonds, in gen-

Weak bonds give iow hard-

hardness eral, giving higher harg- ness
ness than ionic bonds

Cleavage tase of cleavage. ranges poor
to good: depends on distance
between planes of atoms
and individual bond strengths

Meiting Moderate to high; ions are
points present in the meit

Excellent cleavage

Very high; molecules are Low
present in melt

Source: After R. C. Evans, An Introduction to Crystal Chemistry. 2nd ed.. Cambricge University Press. Oxford, 1865.

the inscription perhaps knew that a diamond is
the hardest mineral known and can easily scratch
glass. What makes diamond so hard was then un-
known. People also knew that mica, the sheety
mineral commonly used for oven and lantern
windows at that time, cleaves easily into paper-
thin sheets as transparent as window glass, but
they did not know why. They were aware of
many distinctive and useful properties of miner-
als. The earliest and still the simplest ways of
identifying many common minerals are based
upon their hardness and cleavage and upon other
phvsical properties.

Physical Properties, Bond Types, and Structures

We now know that the way atoms and ions are
bound has a direct effect on their physical proper-
ties, as shown in Table 3-3. Few bonds are exclu-
sively ionic or covalent; instead, most are hybrids.
For this reason, the correlation with properties is
only a weak generalization. Particular properties
of a specific mineral can be explained on the basis
of the kinds of atoms it is composed of and the
bond types between atoms.

A good example is the mineral talc, of which
talcum powder is made. Talc is composed of sili-
cate layers weakly bonded to each other by van
der Waals forces. Because they are so weakly
bonded, the layers slip and break apart easily. It is
that easy slippage of one layer over the other that
gives talc its soapy feel and that makes it grind-
able to a fine, smooth, cosmetic powder. Beryl,
whose clear, deep-green variety is emerald, is also
a sheet silicate, but the bonds between the sheets
in beryl are strong, predominantly ionic. As a re-
sult, the mineral is hard and breaks with difficulty
in any direction.

Table 3-4
Mohs scale of hardness

Mineral Scale number Common opjects
Talc 1
Gypsum 2 Fingernaii
Calcite 3 Copper wirs or coin
Fluorite 4
Apatite 5 Pocket knife
Orthoclase & Window giass
Quartz 7 Steel file
Topaz 8
Corundum 2
Diamond 10

*Mohs arranged the scaie so that the nardness difference between any two
adjacent minerals is about the same, except for the difference betwsen corun-
dum and diamond, which is much greater. Mons could not find a mineral of
intermediate haraness, nor has anyone else.

Hardness

Just as a diamond scratches glass, so will a quartz
crystal scratch a feldspar crvstal because one is
harder than the other. In 1822 Friedrich Mohs, an
Austrian mineralogist, devised a scale of hardness
based on the ability of one mineral to scratch an-
other, that spanned the spectrum from the softest
to the hardest mineral known (Table 3-4). Even
with all of the elegant instruments now available
to determine hardness by indentation or scratch-
ing, the Mohs scale of hardness remains the best
practical way to identify an unknown mineral. A
coggbination of common objects and a few of the
minerals on the hardness scale are all one needs
to bracket an unknown mineral between two
points on the scale.

The hardness of any mineral depends on the
strength of the bonds between ions or atoms; the
stronger the bonds, the harder the mineral. Be-
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Box 3-3 PROPERTIES OF ROCK-FORMING SILICATES

The major groups of silicates illustrate the influgkcs of
crystal structure and chemical composition on the
properties of these important rock-forming minerals
(See Table 3-3 and Appendix IV). Garnets and olivines
are the two chief groups of silicates built of isolated
tetrahedra linked by cations. Both groups are strongly
bonded in all directions and moderately closely
packed. so that they are hard and have no cleavage.
The density of these minerals, relatively high, depends
on both packing and chemical composition: in particu-
lar it depends upon the amount of iron present. Colors
are also influenced by iron content. Olivines melt at
very high temperatures: hence it is not surprising that
thev are found in high-temperature igneous rocks rich
in iron and magnesium. Garnets are chemically com-
plex: their composition reflects the bulk composition of
the metamorphic rocks in which they are usually
found.

Pyroxenes (single chains of tetrahedra) and amphi-
boles (double chains) are much more chemically varied
than the olivines or garnets. Bath structures are packed
moderately closely, and the presence of iron makes
both these groups fairly dense and moderately hard.
But the cleavage of both is good parallel to the silicate
chains. for across these surfaces bonds are weaker than
the strong silicon-oxygen bonds of the tetrahedral
chains. The two differ in cleavage angle because of the
varying angles made by single and double chains. Py-
roxenes have high melting points and are most likely to
be found in igneous and high-temperature metamor-
phic rocks rich in iron and magnesium. The stability of
amphiboles over large ranges of temperature and pres-

sure is related to their chemical composition and its
effect on the compactness of the structure and to the
bond strengths between cations of different kinds.

Micas (sheet silicates) show the most striking de-
pendence of physical properties on structure: their per-
fect cleavage is due to the weak bonds between sheets,
where the weakly bonded cations, such as potassium.
are held. The minerals are relatively low in density and
light in color, except for biotite, the iron species. The
micas are found in many different igneous, metamor-
phic, and sedimentary rocks, a fact related to the large
range of temperatures and pressures over which they
can be formed.

Feldspars. the most abundant of the silicates. have
relatively simple compositions: they are made up of sil-
icon-oxygen and aluminum-oxygen tetrahedra linked
in three-dimensional frameworks. with the tetrahedra
bonded to potassium (orthoclase. microcline. sanidine)
and ,or to sodium and calcium (plagioclase feldspars).
Plagioclases range from albite, the pure sodium form.
to anorthite, the pure calcium form. The strongly
bonded silicon-oxygen and aluminum-oxygen frame-
work gives these minerals their hardness and high
melting temperatures. The cleavages are along planes
of relativelv weaker bonds between cations. There is
sufficient variation in the way the three elements can
combine to produce a wide range of melting tempera-
tures and pressures: thus feldspars are characteristic of
many kinds igneous, metamorphic. and sedimentary
rocks, from the highest-temperature volcanics to the
lowest-temperature sediments.

cause bond strengths may differ along the various
crystallographic axes, hardness may also vary
slightly in direction. Among the silicates hardness
varies from 1 in talc to 8 in topaz. The strongest
bonds are those of tetrahedrally linked Si and O.
In quartz all bonds are of that type. In other sili-
cates the Si and O atoms are also bonded to other
elements, and it is those weaker bonds that deter-
mine the lower hardness. Metallic minerals may
be difficult to scratch because they deform plasti-
cally: that character gives metals their malleabil-
ity or ductility. properties that allow metals to be
rolled into thin sheets or drawn into wires. In
more brittle materials. hardness is small-scale
breakage. The more ionic the bonding, the greater
the brittleness. and most minerals tend to be
somewhat brittle.

Cleavage

The term used for breakage along definite pla-
nar surfaces. typified by that of mica. is cleavage.
The number of planes of cleavage varies among
minerals. The cleavage planes of a mineral have
some of the same characteristics as its crystal
faces. though theyv are not to be confused with
them. Cleavage planes always occupy definite and
constant angles—as do interfacial angles of crys-
tal faces—with respect to the syvmmetry or crys-
tallographic axes of the crystal and are parallel to
a possible crystal face.

Cleavage is the expression of differing bond
strengths along the various planes of a crystal.
The bonds across some of those planes may be
verv weak. like the van der Waals bonds that are
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Figure 3-16

Calcite crystals. (a) A cleavage rhombohedron whose
surfaces were made by breaking the crystalline ma-
terial along zones of weak bonding strength in the
crystal. (b) Faces formed by growth of the crystal
from solution. [From Dana’s Manual of Mineralogy
(16th ed.) bv C. S. Hurlbut. Jr., copyright © 1952
John Wiley & Sons.]

responsible for the easy breakage across the
cleavage planes of mica. Calcite has three excel-
lent cleavages parallel to the faces of a rhombohe-
dron, the result of weak bonds (Fig. 3-18). Quartz
is strongly bonded in all directions and has no
good cleavage. Cleavage can be scaled on the basis
of ease of cleaving with a chisel, from the most
perfect cleavages of the micas to the fair cleavage
of beryl (emerald). The most expert cleaving in
the world is done in Amsterdam, where the center
of the diamond “cutting” industry is; it is the ex-
cellent cleavage of diamond along many planes
that makes possible the shaping of the hardest
mineral known, for there is nothing harder with
which to cut it!

Distinctive patterns of cleavage are identifying
hallmarks of a number of common rock-forming
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minerals. Calcite and dolomite are easily recog-
nized by their rhombohedral cleavage faces. Ga-
lena. lead sulfide, cleaves perfectly into cubes.
Two important groups of silicates that frequently
look alike otherwise. pvroxenes and amphiboles.
can be distinguished on the basis of their cleavage
patterns. Pvroxenes, single chains of silica tetra-
hedra. are bonded so that two good cleavage di-
rections are almost at right angles (93°). whereas
amphiboles. double chains. bond to give two
cleavage directions at 56°.

Some minerals reveal the character of their
bonding by bending rather than breaking. Bonds
that are mainly covalent are stronger in one direc-
tion than another. In mica. the bonds along the
sheets of the structure maintain themselves while
the weaker bonds between sheets allow bending.
Micas are elastic: thev spring back after bending.
Other sheet silicates. like chlorite. are flexible:
once bent, they remain that way.

Fracture

The wayv in which minerals break other than
along cleavage planes also serves to group them
and help in identification. Fracture may be con-
choidal. showing smooth. curved surfaces like
those of a thick piece of broken glass (see Fig. 3-
16): fibrous or splintery. hackly (from hackles. the
stiff hairs or spines of some animals), and uneven
or irregular, all of which are descriptive. though
imprecise, terms. Geometric properties of such
variability and irregularity as fracture still defy
the attempts of scientists to devise simple. quanti-
tative measures to make the description objective
and uniform. The type and irregularity of fracture
bears a complex relation to the breaking of bonds
in directions that cut across crystallographic
planes. In minerals whose bond strengths are
about the same in all directions, fracture patterns
depend on the abundance. kind, and distribution
of submicroscopic fractures and crystal defects.

Streak

The name streak is given to the color of the fine
powder that is produced when a mineral is
scr¥ped across a tile of unglazed porcelain, called
a streak plate. The color is diagnostic for many
minerals; for example, the iron oxide, hematite,
always gives a reddish-brown streak regardless of
the color of the particular mineral aggregate being
streaked, which may be black, red, or brown.
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Table 3-5
Mineral luster

Metallic: strong reflections produced by opaque substances.
Vitreous: bright, as in glass.
Resinous: characteristic of resins, such as amber.

Greasy: surface has the appearance of being coated w‘rﬁ.angoiky
substance.

Pearly: the whitish iridescence of materials like peari.
Silky: the sheen of fibrous materials like silk.
Adamantine: the brilliant luster of diamond and similar minerals.

Luster

How the surface of a mineral reflects light gives it
a characteristic luster. Mineral lusters are de-
scribed by the terms in Table 3-5. The quality of
light reflected from mineral surfaces is controlled
by the index of refraction. That property, in turn.
is related not only to the kinds of atoms present
but to their bonding. For example. covalently
bonded minerals tend toward adamantine luster.
whereas ionically bonded minerals are more vit-
reous. Other lusters are related to irregularities of
the surface.

Color

In July 1976 we found out from the Viking landing
on Mars that the “red planet” really is red. The
surface materials have a strong reddish hue that
probably comes from hydrated ferric oxides. The
same materials, thrown into the Martian atmos-
phere by strong winds, give the Martian sky a
pinkish color. Many minerals show a characteris-
tic color on freshly broken surfaces: others show
characteristic colors on weathered or altered sur-
faces. We use not only the colors reflected from
mineral surfaces but also the colors transmitted
through minerals in microscopic thin sections.
Color seen in thin sections is a good. quick guide
to the identification of certain minerals. Some
minerals—for example. precious opals—show a
stunning play of colors on reflecting surfaces.
Others change color slightly with a change in the
angle of the light shining on the surface. Color
may be a property of the pure substance or it may
be the result of impurities. The color of pure sub-
stances is dependent on the presence of certain
ioms. such as iron or chromium. which strongly
absorb certain colors of light. Most ionically
bonded minerals with stable configurations of
outer electron shells are colorless. Color is more
characteristic of such minerals as olivine. which
have bonds to transition elements (in this case

iron) whose valence electrons are in an inner
shell. Impurities, often too small to be seen except
by the most powerful microscope, such as small
dispersed flakes of hematite in a quartz crystal,
impart a general color to an otherwise colorless
mineral.

Specific Gravity and Density

Although the obvious difference in weight of a
piece of hematite iron ore and a piece of sulfur of
the same size is easily felt by hefting the pieces,
a great many common rock-forming minerals
have about the same range of density (= mass/
volume). Consequently, methods were needed
that would make it easy to measure that property
of minerals accurately. The standard measure of
density is specific gravity, which is weight of the
mineral in air divided by the weight of an equal
volume of water at 4°C. The specific gravity is
usually determined by measuring the weight of
the mineral in air and in water. The difference
between the two weights is equivalent to the
weight of the equal volume of water. Because
density not only is useful in identifying minerals
but also depends strongly on the internal struc-
ture and composition of the substance, it has been
measured accurately for most minerals.

Density is dependent on the atomic weight of
the constituents and the tightness of packing of
the atoms in the crystal structure. The iron miner-
als hematite and magnetite have high densities
because of the high atomic weight of iron. Metals
tend to have close-packed structures and there-
fore high densities. Covalently bonded structures
tend to be more open and to have lower densities.

Density is also affected by pressure. and pres-
sure-induced increases in density affect how
rocks and minerals transmit light. heat. and elas-
tic waves. such as those associated with earth-
quakes (see Chapter 17). Some chemical sub-
stances form more than one kind of crystal: the
different kinds of crvstals are called polymorphs.
Calcium carbonate. for example. forms both cal-
cite (density 2.71). and aragonite (density 2.93).
The denser aragonite is known {rom experimenta-
tion to form and remain stable at high pressures.
whereas calcite forms and is stable at low pres-
sures.

Chemical Properties

The chemical compositions of minerals are the
basis for the main classification of the mineral
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Chemical classes of minerals”
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Class Defining anions Example

Native elements

Sulfides and
similar compounds

Oxides and o
Hydroxides OH~

Halides Ci- F-. Br. |-
Carbonates CO,*-

and similar compounds

Sultates SO, and similar anions

and similar compounds

Phosphates
and similar compounds

Silicates (see SiQ

Table 3-2 for details
of silicates)

None: no charged i1ons
Sulfide: 8%~
and similar anions

PO~ and similar anions

Copper. Cu
Pyrite. FeS,
Hematite. Fe,0,
Brucite, Mg(OH),
Halite. NaCl
Calcite. CaCO,

Barite. BaSQ,
Apatite. CaF(PQO),

Pyroxene, MgSiO,

= This classification. derived ongimally by Berzelius in the nineteenth century and used extensively by Dana. i1s a simplified torm
of the scheme used by Berry and Mason in Elements of Mmneralogy. W. H. Freeman and Company, 1868.

kingdom. The chemical criterion used to classify
the minerals is the anion of the mineral.” For ex-
ample, halite, NaCl, is classed as a chloride. as is
its close relative, svlvite, KCl. In this way, all min-
erals have been grouped into eight classes. as
shown in Table 3-6.

Most of what we know about the chemical com-
position of minerals was gained through the use
of ordinary wet chemical methods, by which ma-
terials are dissolved, separated into their constitu-
ent elements, and their weights or volumes then
measured. Various other methods have been
added over the past few decades as chemical in-
struments became more capable of measuring
small quantities of elements in new ways. In the
last twenty vears the electron probe, a device that
beams electrons at a sample mineral and analyzes
the x ravs generated, has been used to get good
chemical analyses of very small crystals. Most
recently it has been joined by the ion probe,
which beams energetic ions at a mineral target
and analyzes the resulting radiation from the con-
stituent elements.

Mineralogists have also relied for many years
on quick, simple chemical tests that can be made
in the field. One such is the “acid test,” in which
dilute hydrochloric acid (HCI) is dropped on a
mineral to see if it fizzes. If it does, it is likely to be
calcite, a carbonate mineral.

*The names “anion” for negative ion and “cation™ for posi-
tive ion date back to early experiments with electrochemical
cells, the ancestors of modern automobile batteries. Because
the cathode, the negatively charged electrode, attracts positive
ions, those ions became called cations. Similarly, the anode,
the' positively charged electrode, attracts negative ions, hence
anion.

All natural minerals contain impurities. enough
of them so that it is frequently hard to decide
whether an element is an integral part of the min-
eral or merely an extraneous contaminant. Ele-
ments that make up much less than 0.1 percent of
the mineral are reported in analyses by the word
“trace,” and many elements are called trace ele-
ments. But most trace elements we rarely hear
about. for they are neither abundant in the Earth
(or the solar system) nor do they have any impor-
tant industrial use. Typical of these are lantha-
num (La), one of the rare earth elements. and
scandium (Sc), an element that has affinities with
aluminum and boron. Trace elements are ana-
lyzed by means of a number of instruments. most
commonly by an emission spectrograph—an in-
strument that vaporizes the mineral with an ex-
tremely hot electric arc and then analyzes the
light emitted by the burning substance. Also im-
portant is x-ray fluorescence, in which irradiation
by x rays excites secondary radiation characteris-
tic of an element. In another analytical method,
neutron activation. an atomic reactor is used to
bombard the mineral with fast-moving neutrons.
Some of the originally nonradioactive elements in
the mineral are changed into new, radioactive ele-
ments. The abundance of the new elements can
then be analyzed by their radioactivity. One dif-
ferent atom among a billion others can be de-
tected in this way.

Alother part of chemical analysis is the deter-
mination of the relative proportions of different
isotopes, the elements with the same atomic num-
ber (protons) but different atomic weights. In
Chapter 2, we discussed the use of radioactive iso-
topes in dating rocks, but there are other isotopes
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of some elements that are stable—that is, nonra-
dioactive. Three of the most important are the
heavy stable isotope of carbon, *C, the heavy
stable isotope of oxygen, *0, and the heavy stable
isotope of sulfur, 3S. The study of these&sotopes
in minerals, in the atmosphere, and in natural
waters has contributed greatly to geology. For
example, the ratio of 0 to 0 has been used to
determine ancient temperatures. The 30/0
ratio in calcium carbonate (CaCO,) depends on
the temperature of the water from which the car-
bonate precipitated. Thus a fossil oyster shell can
be analyzed using a mass spectrometer to learn
the temperature of the sea in which the animal
lived.

ROCKS AS MINERAL AGGREGATES

The architecture of a rock is not unlike that of a
building—a design of building blocks assembled
in certain wavs. The building blocks of a rock. of
course. are minerals. Without too much difficulty.
we might be able to think of an enormous number
of ways of putting minerals together. but most of
the arrangements would bear little relation to
anything we find in nature. The problem. then. is
to find out the designs of nature and to learn why
there are certain ways in which minerals are put
together to form rocks and why there are many.
many other ways in which they are not. Much of
this book is devoted to questions such as these.

Rocks are first subdivided on the basis of origin.
The three major categories of rock are igneous.
metamorphic. and sedimentary. Origin is deter-
mined by a combination of rock characteristics.
such as bedding, the layering that indicates a sedi-
mentary origin: foliation. the preferred orienta-
tion of crystals that indicates a metamorphic ori-
gin: and a variety of other textures and structures.
Although there are some differences in mineral
composition among the three rock types. it is
more useful to discuss mineralogical and textural
attributes for each major group separatelv. Once
the igneous. metamorphic. and sedimentary rocks
have been described. it will be easier to see how
the three groups can be distinguished from each
other.

The Igneous Rocks

The igneous rocks can be subdivided on the basis
of the minerals of which they are composed. the
chemistry of the rocks serving as a clue to the
composition of the magmas from which they so-

lidified. One of the first criteria used when the
igneous rocks were first studied in the last century
was the amount of silica, SiO,, in the chemical
analysis. During that premodern period of chemis-
try, the silica was thought to be derived from si-
licic acid, and so the more silica in the rock, the
more “acidic” the magma was said to be. Granite,
rich in silica, is the most abundant acidic rock.
The rocks lower in silica were called basic.
Gabbro, poor in silica, is the “basic” counterpart
of granite. We now know that silica content is not
a measure of acidity as that word is used in chem-
istry, but the terms persist even though what we
really mean is “more or less silicic.” The amount
of silica is not necessarily related to the amount of
quartz for much of the silica may be combined
in other silicate minerals. In the classification by
silica content. the coarse-grained igneous rocks
range in sequence from granite on the more silicic
side. through granodiorite and diorite, to gabbro
on the less silicic side. ;

The modern svstem of classifving the major
groups. based on their chemistry and mineralogic
composition. turns out to be much the same as the
classification by silica content. The two terms
most commonly used today, come from a broad
division into light and dark minerals—and
rocks—called, respectively, felsic and mafic.
These terms were used because the dominant
minerals of the light group are quartz and feld-
spars. both rich in silica (hence “felsic.” from
fel(s), feldspar, plus ic) and those of the dark
group are pyroxenes. amphiboles. and olivines.
all of which are rich in magnesium and iron
(hence “mafic.” from magnesium and ferrous for
iron. plus ic). The terms felsic and mafic are also
used for rocks. Figure 3-17 shows graphically the
division of igneous rocks according to their min-
eral content and their grain size. The varieties of
feldspar are most important in the classification
of the igneous rocks. both because they are abun-
dant and because the proportions of different
kinds of feldspar vary systematically from felsic
to mafic rocks. Granite. at the left in Figure 3-17.
is rich in potassium feldspar (mainly the mineral
orthoclase). whereas the more mafic rocks. on the
right. are dominated by sodium and calcium feld-
spars. the plagioclases. The less dark rocks are
dominated by biotite mica and amphibole. and
darker. more mafic rocks by pyroxene and oli-
vine. Pyroxene and olivine are the major minerals
of the ultramafic rocks. which are even lower in
silica than the basalts and gabbros: peridotite is
mainly olivine and pyroxene and dunite. olivine.

The other major basis for classification of the
igneous rocks is. as already described in Chapter
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content

Igneous rock classification. On the front face of the cube the mineral composition
is plotted as percent by volume of a given mineral for a rock of given silica content
(horizontal axis). Thus a granodiarite of about 60% silica content (as determined by
chemical analysis and plotted at 60% on the horizontal scale) would contain about
15% hornblende, 12% biotite, 50% plagioclase feldspar. 18% quartz. and 5% K-feld-
spar. On the top of the block. textures are shown: front to back is grain size, corre-

sponding to plutonic-intrusive-crystalline
at back. Thus grandiorite is coarse graine
equivalent.

2. textural. We differentiate between the coarse-
grained granular rocks, or phanerites (from the
Greek, phanero-, meaning visible), and the fine-
grained aphanites (from the Greek aphan-, mean-
ing invisible). A textural property that is in some
ways a crystallographic property is the degree of
glassiness, more commonly described by the op-;
posite quality, the crystallinity. Both grain size
and crystallinity are products of the speed with
which a magma cools. The more rapid the cool-
ing, the finer the grain size and the poorer the
crystallinity. The slowest-cooling magmas con-
geal in the last stages of intrusion, when magmas

"become less viscous and contain more dissolved

at front and to volcanic-extrusive-glassy
d. and dacite is the fine-grained extrusive

gases. These give rise to pegmatites, very coarse-

grained rocks that may include crystals as much

as several meters across. The fastest-cooling mag-

matic materials, of course, are those that are

thrown high into the sky, where they instantly

freeze to glass. In Figure 3-17, the top surface of
wthe cube adds the dimension of texture to the
*" compositional classification.

The granular or coarse-grained igneous rocks
are subdivided on the basis of the abundance of
their characteristic minerals, which are easily
identifiable in coarse crystalline form in the field.
The fine-grained igneous rocks, the volcanics, are
more difficult to subdivide in the field because
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their minerals and glasses are not so easily identi-
fied. Their textures, however, are a good basis for
grouping. Some volcanic rocks (covered in more
detail in Chapter 15) may show the texture of py-

roclastic rocks. These result from volcanic exglo-,

sions that expel magma that quickly cools to glass
as in the May 1980 explosion of Mt. St. Helens.
The finest fragments make volcanic ash and dust.
Many larger particles are also formed. Mixtures of
these components are agglomerations of pieces of
glass. crystals that had started to form before the
explosion, and fragments of previously cooled
lava. The glass may be in the form of fragments of
pumice, a frothy mass of glass with a great num-
ber of bubbles formed by gas escaping from the
melt. The sharp. spiky glass fragments are called
shards. The bubble holes in pumice and other
extrusive rocks are vesicles. The solidified rocks
that harden from ash falls and ash flows and all of
the other varieties of ejected material are lumped
under the term tuff.

The other major textural class of volcanics in-
cludes the lavas that flow from volcanoes or large
fissures in the crust. The lavas have been given
Hawaiian names: pahoehoe for the smoother.
ropv kind. and aa for the sharp. spiky, more jagged
kind (see Chapter 15). The differences in their ap-
pearance and structure are related to the lava’s
viscosity. which in turn is determined by the
magma’s composition. These rocks may be broken
and recemented by fresh lava flows, forming a
breccia.

The lavas and pyroclastics are named for their
mineral and chemical compositions in the same
way as the coarse-grained series, but fewer subdi-
vision names are in common use. Basalts. the
most abundant of volcanic types. are chemically
the equivalents of gabbros but of finer texture.
and andesites correspond to diabases and other
rocks intermediate between granite and gabbro
(Fig. 3-17). On the felsic side, rhvohte is the apha-
nitic coumerpart of granite. and dacite the apha-
nitic counterpart of granodiorite. The chemical
elements are distributed differently between glass
and minerals in an aphanite than among minerals
in the corresponding granular rocks. Thus the
mineral compositions of the corresponding glassy
and granular rocks are not exactly the same.

There are no minerals in the entirely glassy
rock obsidian, which is an equivalent of granites
and granodiorites. The glassy. sharp. broken
edges of this highly silicic glass made it perfect for
Indian arrowheads. The pumices. frothy glasses.
are commonly silicic also.

Many igneous rocks are made up of a mixture
of both large and small crystals. If some crystals

are distinctively larger than the surrounding
mass, or matrix, they are called phenocrysts. A
rock with many phenocrysts is called a porphyry.
The matrix of a porphyry may consist of coarse or
fine crystals or, in volcanics, glass.

Putting together mineralogy and texture gives
us a scheme of classification like the one shown in
Figure 3-17. The mineralogical parameter meas-
ures the proportions and kinds of felsic and mafic
minerals: and the textural parameter. grain size.
As is true of most classifications, the rocks do-not
all fall neatly into pigeonholes, for compaosition
and texture vary continuously, and we draw
arbitrary dividing lines between them to preserve
as nearly as possible the traditional meanings of
names that have accumulated over two centuries
of geological usage.

The Sedimentary Rocks

Mineralogy and texture are also useful in subdi-
viding the sedimentary rocks (Fig. 3-18). They are
used in combination to set apart two main groups.
the detrital and the chemical. The detrital sedi-
ments are those that carry the earmarks of the
mechanical transportation and deposition of the
debris of erosion. detritus. by currents. The min-
erals are fragments of rocks or minerals broken
and eroded from preexisting rocks. and so are
called clastic (from the Greek klastos. to break).
The rocks of which ancient mountains worn
down by erosion were composed can be recon-
structed from the minerals of detrital rocks.
Quartz. feldspar. and the clay minerals make up
the bulk of that contribution. The fragments tend
to wear, and abrasion during transportation
rounds the particles. During sedimentation. cur-
rents sort the minerals by size and weight with
variable efficiency; the stronger the current. the
larger the particle size carried. Size and sorting of
clastic sedimentary particles are characteristic of
the nature of the currents that carried them. As
shown in Figure 3-18. these features also form the
basis for subdividing the detrital sediments into
(1) coarse-grained. the gravels and their hardened.
or lithified, equivalents. the conglomerates:
(2) medium-grained. the sands and sandstones:
and (3) fine-grained. clays and muds and their
lithified equivalents. the shales. Mudstone is a
general term for rocks composed of more than 30
percent clay and silt. Shales are characterized by
fissility, a splitting along bedding plane surfaces.
Coarse sedimentary rocks comoosed of sharp.
angular pieces of rocks and minerals are breccias.
which contrast with the rounded pebbles and
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We talk about glass from time to time when we're discussing polymers, especially when we're
talking about composite materials. Glass fibers are often used to reinforce polymers. But what
is this stuff called glass? We use it with polymers a lot, obviously, but is glass itself a polymer?

Before we tackle that question, let's take a look at what glass is. The highest quality glass has a
chemical formula of SiO,. But this is misleading. That formula conjures up ideas of little silicon

dioxide molecules, analogous to carbon dioxide molecules. But little silicon dioxide molecules
don't exist.

O
€03, carbon diexide is made up g
of molecules that look like this. - é:l)
N
I
ﬁi But Si0» molecules like
O \/this just plain don't exist.
Instead, in nature SiO, is often found as a crystalline % NP4
solid, with a structure like you see on your right. Every . L /Sl‘ J/
silicon atom is bonded four oxygen atoms, tetrahedrally, O R S It A
of course; and every oxygen atom is bonded to two silicon /Si‘ /Sis /Si»
atoms. When SiO, is in this crystalline form we call it SR N
silica. You've seen silica before. When you find big /Si\ /Si\

honkin' crystals of it we call it quartz. When we have a lot
of little tiny crystals of it, we call it sand.

ven | Si0j in it's crystalline
But this silica isn't glass. We have to do something to it form, quartz.
first to make it into glass. We have to heat it up until it melts, and the cool it down really fast.
When it melts, the silicon and oxygen atoms break out of their crystal structure. If we cooled it
down slowly, the atoms would slowly line up back into their crystalline arrangement as they

slowed down. (Remember, heat is nothing but the random motion of atoms and molecules. Hot
atoms move a lot, cold atoms move very little.)

But if we cool it down fast enough, the atoms of the silica will be halted in their tracks, so to

speak. They won't have time to line up, and they'll be stuck in any old arrangement. They'll
AP/TWWW=-0T'Z. USHL CUW~ASPro)/ pOIYIICT/ IICT O/ Z1d8s. UL O/ L0/
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look something like this:
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As you can see, there is no order to the arrangement of the atoms. We call o

materials like this amorphous. This is the glass that is used for telescope [

lenses and such things. It has very good optical properties, but it is brittle. . . _C._

For everyd i i Na O
ryday uses, we need something tougher. Most glass is made from

sand, and when we melt down the sand, we usually add some sodium

carbonate. This gives us a thougher glass with a structure that looks like

ONa

sodium carhonate

this:
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This is the glass you see everyday, in jars and windows, and it's the glass that is used in
composites.

So is this a polymer or not? Usually it isn't considered as such. Why? Some may say it's
inorganic, and polymers are usually organic. But there are many inorganic polymers out there.
For example, what about polysiloxanes? These linear, and yes, inroganic materials have a
structure very similar to glass, and they're considered polymers. Take a look at a polysiloxane:

[ A AP N
?i——O-——?i——D—?i—-O——%i-—-O——?i—-O——‘fi—O——W"W
R R R R R R

So glass could be considered a highly crosslinked polysiloxane. But we usually don't think of it

that way. Why? I'm not really sure. Got any ideas? Email us at michlvic@whale.st.usm.edu
P/ WWW-0OT'Z . USIIL CUW/~USproy potyier/ MdCIOY/ 21488 . LI
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