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Abstract

Complete chemical characterisation is the most extensive chemical investigation method
performed in core drilled boreholes. The method entails pumping, measurements on-line
and regular water sampling for chemical analyses in isolated borehole sections during
approximately three weeks per section at a flow rate of between 50 and 200 mL/min.

The method has been used in one section of borehole KFMO5A at 712.6-722.0 m. At the
completion of the investigation, it was suspected that water from above the upper packer
intruded into the test section during the pumping and measurement period. The indications
were; 1) the pressure measurements did not show any drawdown, 2) the water yield was
unexpectedly large and 3) the chloride concentration in the water samples was unexpectedly
low. Further testing was performed using modified packer positions. The section length
was increased to 20 m in order to include a more fractured part of the borehole and two
alternative positions of the packers where tested. However, the same pressure pattern

was obtained. After three unsuccessful attempts to investigate the water bearing zone

at approximately 720 m, the equipment was lifted to the water-yielding zone at 265 m.
Despite a determined hydraulic transmissivity of 1.9x107®* m?/s from the differential flow
logging /6/, for the zone at 265 m, the pumped flow was not more than a few mL/min at a
drawdown of approximately 50 m and the investigation was interrupted.

The collected water samples and the conducted measurements at 712.6—722.0 m in
KFMOS5A are not regarded as representative for the sampled water-bearing section. Some
results are however obtained, including on-line measurements of redox potential, pH,
dissolved oxygen, electric conductivity and water temperature in the borehole section as
well as chemical analyses of major constituents. Gas content and composition, microbes,
inorganic colloids as well as humic and fulvic acids were not investigated. The water
composition was stable during the entire pumping and sampling period. The chloride
concentrations amounted to approximately 4,500 mg/L, which is lower than the expected
value (> 5,500 mg/L). However, the redox potential measurements show reducing
conditions and it can be concluded that oxygen is consumed rapidly in the water column
in the borehole also during open-hole conditions. All the six redox electrodes stabilised at
similar values.



Sammanfattning

Fullstdndig kemikarakterisering dr den mest omfattande kemiska undersoknings-
metoden for kdrnborrhél. Metoden innebédr pumpning, mitning on-line och regelbunden
vattenprovtagning for kemiska analyser 1 avgrinsade borrhdlssektioner under cirka tre
veckor per sektion och vid ett pumpfléde pa mellan 50 och 200 mL/min.

Metoden har utforts i en sektion av borrhdlet KFMO5A vid 712.6-722.0 m. Under
genomforandet uppstod misstanken att vatten fran vattenpelaren i borrhédlet ovanfor

den 6vre manschetten hade dragits in 1 testsektionen under pump- och métperioden.
Indikationer pé detta forhallande var 1) att tryckmétningarna inte visade pa ndgon
avsinkning, 2) vattentillgdngen var ovéntat stor och 3) kloridhalten i vattenproven var
lagre dn forvéntat. Ytterligare tva tester gjordes med fordndrade manschettplaceringar.
Sektionsldngden utokades till 20 m for att inkludera ett mera uppsprucket avsnitt av
borrhélet inom sektionen. Tryckbilden blev emellertid densamma. Efter de tvd mindre
lyckade forsoken att undersoka den vattenforande zonen vid ca 720 m, lyftes utrustningen
till en vattenférande zon vid 265 m. Trots att den hydrauliska transmissiviteten bestimts
till 1.9x10°* m?/s genom differensflodesloggning /6/ for zonen vid 265 m, erhdlls ett flode
pa endast ndgra mL/min vid en avsdnkning pa 50 m och undersokningen fick avbrytas.

De vattenprov som har tagits och de métningar som har genomforts i sektionen
712.6-722.0 m i KFMOS5A beddms inte vara representativa for den provtagna vatten-
forande zonen. Vissa resultat har dock erhéllits som omfattar méitningar on-line av redox-
potential, pH, 16st syre, elektrisk konduktivitet och vattentemperatur i borrhalssektionen
liksom kemiska analyser av huvudkomponenter. Gasmangd och sammanséttning, bakterier,
oorganiska kolloider samt humus- och fulvosyror i grundvattnet undersoktes dédremot
inte. Vattensammanséttningen var stabil under pump/provtagningsperioden. Klorid-
koncentrationen uppgick till cirka 4 500 mg/L, vilket dr lagre dn forvéntat for representa-
tiva prov (forvéntat viarde > 5 500 mg/L). Redoxpotentialmétningarna ddremot, pavisar
reducerande forhallanden vilket visar att syret forbrukas snabbt 1 vattenpelaren 1 borrhélet
dven under ’6ppet hél” forhdllanden. Alla sex elektroderna visade stabila och Gverens-
stimmande vérden.



Contents

1 Introduction 7
2 Objectives and scope 9
3 Background 11
3.1  Flushing water history 11
3.2 Previous events and activities in the borehole 12
3.3 Choice of borehole sections 13
4 Equipment 15
4.1 The mobile field laboratory 15
5 Performance 17
5.1  General 17
5.2 Overview of field work procedure 18
5.3  Performance in section 712.6-722.0 m 19
5.4 Performance in section 702.5-722.2 (701.5-721.2) m 21
5.5 Performance in section 262.0-266.9 m 22
5.6  Water sampling, sample treatment and analyses 22
6 Nonconformities 23
7 Data handling and interpretation 25
7.1  Chemmac measurement data 25

7.1.1 Data file types and calculation software 25

7.1.2  Calculation and evaluation of pH and redox potential 25
7.2 Water analysis data 27
8 Results 29
8.1 Chemmac measurements 29
8.2  Water analyses 29
9 Summary and discussion 31
10  References 33
Appendix 1 Design of cored borehole KFM05A 35
Appendix 2 Selected results of difference flow logging in KFM05A 37
Appendix 3 Pictures from BIPS logging in KFMO05A 41
Appendix 4 Mesurement information, section 712.6—722.0 45
Appendix 5 Flow and pressure measurements 47

Appendix 6 Chemmac measurements (Eh, pH, electric conductivity,
dissolved oxygen and temperature) section 712.6-722.0 51

Appendix 7 Sampling and analysis methods 55



1 Introduction

This document reports performance and results of the activity: ”Complete chemical
characterisation in KFM05A” within the site investigation programme at Forsmark /1/. The
report presents hydrogeochemical data from the borehole section at 712.6—722.0 m. The
field work was carried out during October 2004. The SKB internal controlling documents
for the activity are listed in Table 1-1. The obtained data from the activity are reported to
SICADA, see Table 1-2.

Borehole KFMO5A is the fifth deep (1,002.7 m) telescopic borehole drilled at Forsmark /2/.
The location of the borehole and the current drill sites for deep telescopic boreholes within
the investigation area are shown in Figure 1-1, whereas Figure 1-2 is a detailed map of drill
site DS5 with KFMOS5A and nearby situated percussion drilled boreholes in rock and soil.
The borehole has an inclination of 60° from the horizontal plane and is directed towards
east. The borehole section between 0—100 m is percussion drilled and has a stainless steel
casing with an internal diameter of 200 mm, whereas the 100.4-1,002.7 m interval is core
drilled with a diameter of 77 mm. The design of the borehole is presented in Appendix 1.

The borehole is of the so-called SKB chemical-type and the drilling was performed
according to method descriptions MD 620.003 (Method description for drilling cored
boreholes) and MD 610.003 (Method description for percussion drilling). An SKB
chemical-type borehole requires cleaning procedures to be carried out on all equipment to
be used in the borehole, both during and after drilling, according to level 2 in the cleaning
instructions outlined in MD 600.004 (Instruktion for rengdring av borrhalsutrustning och
viss markbaserad utrustning). The method descriptions and instructions are SKB internal
controlling documents.

Table 1-1. Controlling documents for performance of the activity.

Activity plan Number Version
Fullstandig kemikarakterisering med mobilt AP PF 400-04-84 1.0
faltlaboratorium i KFMO5A.

Method descriptions Number Version
Metodbeskrivning for fullstdndig kemikarakterisering SKB MD 430.017 1.0

med mobilt faltlaboratorium.

Table 1-2. Data references.

Subactivity Database Identity number
Water sampling series SICADA Field note Forsmark 422
Chemmac measurement SICADA Field note Forsmark 422
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Figure 1-1. The investigation area at Forsmark including the candidate area selected for more
detailed investigations. The core boreholes, KFM01A4 to KFMO08B, as well as the percussion
borehole HFM13 (supply well for flushing water to the drilling of KFM05A4), are marked with
circles.
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Figure 1-2. Location of the cored borehole KFM05A, the percussion boreholes and monitoring
wells at drill site DS5.



2 Objectives and scope

Complete chemical characterisation is the most extensive chemical investigation method
performed in core drilled boreholes. The method is intended to provide as complete
information as possible about the groundwater chemical conditions in individual water-
bearing fractures or minor fracture zones. Considerable effort is put on obtaining
representative samples from a limited rock volume. Careful pumping and continuous
control of the pressure in the sampled borehole section, as well as above the section, is
maintained in order to minimise the risk of mixing with water from other fracture systems.

The north-western part of the candidate area is given priority for the continuing
investigation in Forsmark. In the investigation so far there are no chemical data from
below depths of 200 m. Further, there are reasons to believe that very few water-yielding
fractures will be found at depth in the forthcoming boreholes. Therefore, every opportunity
to conduct chemical investigations at depth needs to be considered, despite that the
hydraulic transmissivity may be at the lower practical limit as in the fracture zone at 720 m.

The analysis program is carried out according to SKB chemistry class 4 and class 5,
including all options. Further, pH, redox potential (Eh) and water temperature are measured
in flow-through cells in the pumped borehole section as well as at the surface. The flow-
through cell at the surface also measures electric conductivity and dissolved oxygen.
Normally, samples are also collected in situ in the borehole section for determination of gas
content and composition, microbe content and characterisation as well as for determination
of colloid content and composition. Due to sampling problems, see Chapter 5, these
analyses were not conducted. For the same reason, the analyses following fractionation

of organic acids and inorganic species (DOC and ICP) as well as after enrichment of the
organic acids (0"°C and pmC) were not performed.



3 Background

3.1 Flushing water history

The percussion drilled borehole HFM13 served as a supply well for the flushing water used
to drill borehole KFMOS5A /3/. The chemical composition of the flushing water was checked
before and during use. The chemical data from the supply well HFM 13 are reported in /4/.
The core drilling of the 1,000 m long borehole consumed 1,090 m? of flushing water and
the volume of returned water pumped from the borehole during drilling was 3,500 m®. The
nominal concentration of the dye Uranine, added as a tracer to mark the flushing water,

was 0.2 mg/L. Automatic dosing equipment for injection of Uranine was installed in the
flushing water system. The Uranine concentration in the flushing water was checked
regularly during drilling and a total of 125 samples were analysed. The average Uranine
concentration in the entire sample series was 0.17 + 0.07 mg/L. If the period of malfunction
between 2004-03-12 and 2004-03-24 is omitted, the average is 0.20 + 0.05 mg/L. The
Uranine concentrations in the flushing water samples as well as in the return water are
presented in Figure 3-1. Further, the amount of Uranine added to the borehole via the
flushing water and the estimated amount recovered in the return water is given in Table 3-1.

It can be concluded from the Uranine budget in Table 3-1 that the increased sampling
frequency, compared with earlier boreholes, resulted in more reliable calculations. Further,
the budget indicates that the major part of the flushing water added to the borehole was
recovered.
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Figure 3-1. Uranine concentrations in the flushing water and in the return water versus borehole
length. The addition of Uranine was done using the automatic dosing equipment which is
controlled by a flow meter. A period of malfunction occurred between 600 and 750 m borehole
length.
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Table 3-1. Amount of Uranine added to KFMO5A via the flushing water during core
drilling and the amount recovered from the mammoth pumping.

Uranine (9)

Added, according to the log book. 170
Added, calculated from the average Uranine concentration and the total volume of flushing water. 185
Recovered, estimated from the average Uranine concentration and the total volume of return water. 175

As borehole KFMOS5A is of SKB chemical-type, the following special precautions were
taken in order to minimise contamination via the flushing water:

* The supply well was also of SKB chemical-type.

* Borehole HFM13 was selected to supply flushing water because of the low concentration
of total organic carbon (TOC). The concentration should preferably be below 5 mg/L and
the concentration in the samples collected in HFM 13 was showing a decreasing trend
with time from 6 to 3 mg/L.

* A dosing equipment for Uranine was installed, thereby removing the need for an in-line
flushing water storage tank after the UV-system.

Analyses of the microbe content in the flushing water, before and after the UV-system, was
performed at four occasions during drilling; 1) at the drilling start just after cleaning the
system, 2) when half the borehole was drilled before and 3) after cleaning the system and,
4) without cleaning, shortly before completing the borehole. The results showed that the
amounts of algae and bacteria in the flushing water entering the borehole were low at all
sampling occasions /5/.

3.2 Previous events and activities in the borehole

KFMOS5A is a SKB chemical-type telescopic borehole and thus specially intended for
complete hydrochemical characterisation. Only those investigations that are necessary in
order to select borehole sections for hydrochemical investigations are carried out in the
borehole prior to the chemistry campaign. The more equipment that is used in the borehole,
the greater is the risk of contamination and effects on the in situ microbiological conditions.
The activities/investigations performed in KFMOS5A prior to the chemistry campaign are
listed in Table 3-2 below.

12



Table 3-2. Activities performed in borehole KFMO5A prior to the chemical
characterisation.

Activities performed Date of Length or section = Comment
completion (m)
Percussion drilling 2003-12-16 0-100.35
Core drilling 2004-05-05 100.35-1,002.71 HFM13 was the source of flushing water for
2004-02-17 drilling the cored part of KFMO5A. HFM13 is
an SKB chemical-type borehole /2, 3/.
Sampling of water pumped 100-121.6 SKB sample no 8332, first strike water from
to the surface, class 3. The the first water yielding fracture zone that was
WL-sond was not used. intersected during drilling.

Flushing water treatment

Automatic dosing of Uranine was used
during drilling of KFMO5A. In this way no
in-line storage tank was needed after the
UV-system /2/.

Geophysical logging 2004-05-08 110-1,000.4 -

DIFF-flow logging 2004-06-02 100-1,000 16/

BIPS-logging 2004-06-04 108-995 Several logging occasions, the last occasion

for logging of the entire borehole is given /7/.

Geophysical logging 2004-06-08 110-1,000 Radar directional antenna

Transducer installation 2004-06-11 To register possible responses from the
2004-09-09 drilling of KFMOBA.

Extensive microbe control ~ 2004-02-17 - Check of microbe content in flushing water
2004-03-25 four times, at the start, in the middle and at
2004-03-26 the end of the drilling period /5/.
2004-04-14

Hydrochemical logging, not — - Not performed

performed

Hydrogeochemical 2004-10-23 - Presented in this report.

characterisation

3.3 Choice of borehole sections

A very dominant water-bearing zone (108—125 m) was identified early during core drilling
of borehole KFMOS5A. The water yield was very large which made it difficult to identify
additional inflow zones further down in the borehole during drilling. However, results from
the subsequent difference flow logging showed some minor water-bearing zones that could
possibly be investigated, see Table 3-3 and Appendix 2.

A rather deep water bearing zone was indicated at 710 to 720 m, although the indication
was uncertain. As water at depth is very rare in this part of the candidate area, it was
considered very important to make all possible efforts in order to investigate this zone,
despite that the calculated hydraulic transmissivity (T) from the difference flow logging did
not quite reach the practical limit to permit sampling (the range T=10%to T=10° m*/s is
optimal). The borehole wall showed fractures and did not allow a shorter section length than
10 m, resulting in a section at 712.6 to 722.0 m, see Appendix 2 and 3.

Further, the second deepest zone at 265 m was selected as a second borehole section for
sampling. The calculated hydraulic transmissivity (T) was large enough according to the
difference flow logging. The investigated section length was 4.9 m, 262.0-266.9 m.

13



Table 3-3. Water-yielding fractures/fracture zones identified from difference
flow logging of KFMO5A /6/. Selected fractures/fracture zones are given in bold
text. Hydraulic transmissivity calculated from difference flow logging and from
injection tests /8/ are compared. The injection tests were performed after the

chemical investigation.

Borehole Difference flow Injection test, Comments
length (m) logging, T (m?s) /6/ T (m?s)/8/
108-125 1x10-3 Section Difference flow logging: Several fractures, yielding
116.5-126.5m from 10 to 800 L/h each. A fracture with extremely
2.5x10% high T-value (1%x10-® m?/s) was found at 108.9 m
/6/. The inflow from the fracture was somewhat
languished at a small drawdown. This fracture was
not measured during the injections tests.
Injection test: Section length 20 m. Measurements
above 116.5 m are not performed.
160-175 2.9x107 Section Difference flow logging: Two fractures, giving about
156.5-176.5m 3 L/h each, T = 3x10" m?s. The lower fracture is
1.0 x10-¢ situated at 175.6 m /6/.
Injection test: Section length 20 m.
262.0-266.9 1.9x10°® Section Difference flow logging: 0.36 L/h. According to
254.0-274.0 m  DIFF /6/ the fracture is situated at 264.4 m.
1.4x10° Injection test: Section length 20 m. The
fractures are situated between 264-269 m.
712.6-722.0 8.6x10° Section Difference flow logging: 0.2 L/h. According to
706.5-806.5 m DIFF /6/ the fracture is situated at 720.0 m.
1.0x10-1°

Injection test: Section length 100 m. Only 100 m
sections were measured at this depth.
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4 Equipment

4.1 The mobile field laboratory

The mobile field laboratories used by SKB for water sampling and downhole measurements
consist of a laboratory unit, a hose unit with downhole equipment and a Chemmac measure-
ment system. The equipment is presented schematically in Figure 4-1. It is also possible to
include a separate computer unit (MYC). The different parts of the system are described in
the SKB internal controlling documents SKB MD 434.004, 434.005, 434.006, 434.007 and
SKB MD 433.018 (Mitsystembeskrivningar for mobil kemienhet allméin del, slangvagn,
borrhélsutrustning, Chemmac maétsystem och dataapplikation).

The Chemmac measurement facilities include communication systems, a measurement
application and flow-through cells with electrodes and sensors at the ground surface
(surface Chemmac) and in the borehole (borehole Chemmac).

The borehole equipment consists of inflatable packers, pump, borehole Chemmac and the
in situ sampling unit (PVP) allowing measurement (borehole Chemmac) and sampling in
situ in the borehole section (PVP sampling unit). The four sample portions collected with
the PVP sampling unit maintain the pressure from the borehole section when lifted to the
surface. The portions are used for colloid filtration, gas analyses and microbe investigations.

The mobile units used in borehole KFMO05A, section 712.6—722.0 m, consisted of the
hose unit S3, the laboratory unit L3 and the MYC 3 unit for computer work. The electric
connections to the umbilical hose were modified and later on the entire umbilical hose
was replaced.

15



HOSE UNIT LABORATORY UNIT

Umbilical hose Spectrophotometer

Borehole pump Titration equipment

Computer Fluorimeter
system

4 Water sampling
Surface
chemmac

O & O O
hose

Length mark indicator

Inflatable packer

Borehole chemmac

Hydraulic borehole pump

“In situ” water sampling

Fracture
zone ——

Extension dummy

Inflatable packer

Figure 4-1. The mobile chemistry laboratory including laboratory unit, hose unit and downhole
equipment. The configuration of the downhole units in the borehole can be varied depending on
desired section length. However, the in-situ water sampler must always be positioned first in the
sample water path.
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5 Performance

5.1 General

Complete chemical characterisation of two sections in borehole KFMO05A was planned
according to activity plan AP PF 400-04-84 following the method described in SKB

MD 430.017 (Metodbeskrivning for fullstindig kemikarakterisering med mobilt
féltlaboratorium, SKB internal controlling document). The chemical investigation of the
first section continued according to plan although it became obvious with time that, due
to leakage, the pumped water consisted of water from the water column above the upper
packer. Two more attempts were made in order to obtain representative samples from the
zone at 720 m. First, the section length was increased to 20 m to include a fractured part
of the borehole and second, the packer positions were changed one metre. However, no
drawdown was noticed in either case. Pumping above the upper packer caused a pressure
response in the section which indicated a connection between the water column above the
packer and that of the borehole section. An overview of the investigation sequence is given
in Table 5-1.

Table 5-1. Investigation sequence in KFMO05A.

Start date/ Investigation Section (m) Comment

Stop date

2004-09-23/ Interrupted test, Complete 712.6-722.0 Leakage in the electric connection to the
2004-09-27 chemical characterisation umbilical hose.

2004-09-27/ Complete chemical 712.6-722.0 In situ sampling failed, only small water
2004-10-19 characterisation volumes in the PVB-containers. Water

regarded as not representative. No
drawdown and leakage of borehole
water from above the upper packer was
suspected. Poor quality of borehole wall.
Pumped volume from section: 5.8 m3.

2004-10-20/ Interrupted test, repeated 702.5-722.2 20 m section. No drawdown. Pumping
2004-10-26 Complete chemical was performed in the upper part of
L (701.5-721.2)
characterisation the borehole and a pressure response

was noticed in the borehole section,
see Appendix 5. Connection between
water column above upper packer and
borehole section. The packer positions
were changed one metre but the results
were the same. Pumped volume: 1.6 m3.

2004-10-26/ Interrupted test, Complete 262.0-266.9 Limited flow of only a few mL/min and

2004-11-01 chemical characterisation drawdown of 50 m. The pumping was
interrupted due to low water yield.
Pumped volume: 0.01 m3.

17



5.2 Overview of field work procedure

A short chronological summary of the different steps that constitute chemical
characterisation of groundwater in a borehole section is given below.

The preparations conducted before the downhole equipment is lowered in the borehole
include:

* The inside of the umbilical hose (the sample water channel) is rinsed with de-ionised,
deoxygenated water. The sample water channel is then filled with de-ionised and
deoxygenated water prior to lowering.

* Cleaning and preparation of the four sample containers (PVB) belonging to the in situ
water sampling unit (PVP). The containers are cleaned using 70% denatured ethanol.
One of the containers is used for microbe sampling and sterile conditions are desirable.
The containers are purged with nitrogen gas and a small nitrogen gas pressure is
maintained in the containers. The magnitude of the pressure depends on the depth
of the section to be sampled.

» Calibration of the pH and redox electrodes in the borehole Chemmac.

The different downhole units are assembled during lowering of the equipment in the
borehole and the following steps are taken:

* The outside of the umbilical hose is cleaned with 70% denatured ethanol
(SKB MD 600.004).

+ Calibration of the umbilical hose length is conducted at least once for each borehole. For
this, a length mark detector unit (caliper) is mounted together with the regular downhole
equipment. The length mark detector indicates length calibration marks milled into the
borehole wall at almost every 50 m along the borehole /2/. At each indication, a reading
is made of the corresponding length mark on the umbilical hose. The correct distance to
each length mark is obtained from the SICADA database.

When the pump is started and the packers are inflated at the desired positions in the
borehole, a pumping and measurement period begins. Typical measures taken and activities
carried out during this period are:

 Calibration of the pH and redox electrodes as well as the electric conductivity and
oxygen sensors in the surface Chemmac is conducted when the pumped water from the
borehole section has reached the surface.

» Careful attention is paid in order to make sure that the packed off section is well isolated
from the rest of the borehole. A significant drawdown in the section during pumping is
one indication that the section is isolated. Leakage would cause pumping of water from
the borehole column above and/or below the packers and not only from the fracture zone
of interest. However, the drawdown in the borehole section must not be too large since
the larger the drawdown, the larger the bedrock volume affected by the pumping and the
risk of mixing with water from other fracture systems increases. The pumping flow rate
is adjusted depending on the flow yield from the fracture or fracture zone (to between
50 and 300 mL/min) and maintained more or less constant during the pumping and
measurement period.

» Water samples are collected regularly once or twice a week during the pumping period.
Changes in water composition are monitored by conductivity measurements and by
immediate analyses at the site.
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Enrichment of humic and fulvic acids is conducted for as long time as possible in each
section. The time needed depends on the carbon concentration in the water and the flow
rate through the ion exchanger. Generally, a period of at least two weeks is needed to
collect the amount of carbon required to determine '*C and pmC.

Fractionation of humic and fulvic acids, as well as inorganic species to determine the
size distribution, is performed at the end of the pumping period.

A decision when to terminate the sampling work in the section is made during a suitable
stage of the pumping and measurement period. The investigation might be prolonged if
the concentration of flushing water exceeds 1% or if the redox potential measurements
have not reached stable values. A final SKB Class 5 sample including all options is
collected the day before termination.

Completion of the investigation in the section and lifting of the borehole equipment entails:

Collection of in situ sample portions prior to lifting the equipment. The valves to the
PVB sampling containers in the borehole section are opened in order to rinse the system
and fill the containers. After a few hours, the valves are closed and the water sample
portions for analyses of colloids, dissolved gases and microbes are secured.

Following stopping of the borehole pump and deflation of the packers, the equipment is
lifted and the different downhole units are de-assembled.

Calibration of the electrodes in the borehole Chemmac and surface Chemmac. The final
calibration for a section can be used as the initial calibration for the next section.

5.3 Performance in section 712.6-722.0 m

The investigations in section 712.6—722.0 m were performed using the following
configuration of the downhole equipment, from the top: umbilical hose, length mark

detector, borehole Chemmac, upper packer, borehole pump, in situ water sampler (PVP),
extension dummy and lower packer, see Appendix 4. The pressures above and within the
section were measured by the borehole Chemmac unit and the PVP water sampling unit,
respectively.

The pumping was performed at a flow rate of about 190-200 mL/min. No drawdown was
observed at the initial stage, only a pressure fluctuation caused by the work of the piston
in the borehole pump. A diagram showing the pressures within and above the borehole
section and the flow rate during the pumping/measurement period is given in Appendix 5,
Figure A5-1. The events during the investigation are listed in Table 5-2.
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Table 5-2. Events during the pumping/measurement period in section 712.6-722.0 m.

Date Events Improvement/deviation SKB sample no

040915 Borehole equipment (S3) repair due to failure of electric
communication; the umbilical hose was replaced.

040921 Level indicator; identification of faults and reparation.

Calibration of borehole Chemmac.

040922 In situ water sampler, identification of faults and repair.
040923 Lowering of downhole equipment (712.55-722.02 m).
Start of Chemmac measurements.
040924 Calibration of surface Chemmac.
Water sampling: SKB class 4 8643
040927 High electric power consumption.
Lifting.
Lowering of downhole equipment (712.55-722.02 m).
040928 Water sampling: Uranine only. 8645
Humic and fulvic acids; enrichment start.
040930 Water sampling: SKB class 4. 8646
041004 Electrical failure at drill site 5; momentary pump stop
041005 Water sampling: SKB class 5. 8648
041008 Water sampling: SKB class 4. 8649
041011 Water sampling: SKB class 5. 8679
041015 Change of flow rate from about 200 mL/min to 80 mL/min.
Humic and fulvic acids; fractionation 1 kD and 5 kD. 8681
041018 Water sampling: SKB class 5, all options. 8681
PVP-sampler: opening of valve at 17:55.
041019 PVP-sampler: closure of valve at 05:10.
End of Chemmac measurements.
Lifting.

No sampling of dissolved gas, microbes or colloids.
Calibration of borehole Chemmac.

Humic and fulvic acids; enrichment eluation. 8681
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5.4 Performance in section 702.5-722.2 (701.5-721.2) m

During the investigation in the extended section between 702.5-722.2 m, the configuration
of the downhole equipment in the borehole was, from the top; umbilical hose, upper packer,
length mark detector, borehole Chemmac, borehole pump, in situ water sampler (PVP),
extension dummies and lower packer. The pressure within the section was measured by the
borehole Chemmac unit and the PVP water sampling unit.

Pumping was performed at a flow rate of about 200 mL/min and no drawdown was
observed, despite the fact that the fractured and uneven part of the borehole wall seemed to
be within the section. A pump was then installed in the upper part of the borehole, causing
a drawdown above the packer. A pressure response was observed in the borehole section
which verified the connection between the water column above the packer and the section.
A diagram showing the pressures in the borehole section and the flow rate during the
pumping/measurement period is presented in Appendix 5, Figure A5-2. Further, the effect
of the pumping performed in the upper part of the borehole is demonstrated in Figure A5-3.
The pressures in section 701.5—721.2 are shown in Figure A5-4.

The events during the investigation are listed in Table 5-3.

Table 5-3. Events during the pumping/measurement period in section 702.5-722.2
(701.5-721.2) m.

Date Events Improvement/deviation SKB sample no
041020 Lowering of downhole equipment (702.50-722.18 m).

Start of Chemmac measurements.

Calibration of surface Chemmac.
041022 Water sampling: SKB class 4. 8693
041025 Stop of borehole pump due to pump test.

Lowering of an additional pump, in the upper part of the borehole,
to approximately 15 m.

Start of pump, in the upper part of the borehole, at 10:48, flow
about 100 mL/min.

Lowering of equipment for measurement of ground water level.
Ground water level at 10:52; 9.00 m from top of casing.
Ground water level at 10:54; 9.16 m from top of casing.

Pump, in the upper part of the borehole, stopped at 10:54.

End of Chemmac measurements.

Lifting.

041025 Lowering of downhole equipment (701.50-721.18 m).
Start of Chemmac measurements.

041026 End of Chemmac measurements.
Lifting.
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5.5 Performance in section 262.0-266.9 m

The investigations in section 262.0-266.9 m were performed using the following
configuration of the downhole equipment, from the top; umbilical hose, borehole pump,
borehole Chemmac, upper packer, in situ water sampler (PVP) and lower packer. The
pressures above and within the section were measured by the borehole Chemmac unit and
the PVP water sampling unit, respectively.

The pumping was performed at a flow rate of from 40 mL/min down to 2 mL/min during
the first two days and below 1 mL/min the remaining three days before terminating the
investigation in the section. A diagram showing the pressures in and above the borehole
section and the flow rate during the pumping/ measurement period is presented in
Appendix 5, Figure A5-5.

The events during the investigation are listed in Table 5-4.

5.6 Water sampling, sample treatment and analyses

The pumped water from the borehole section is led into the laboratory unit where sampling
and sample filtration is carried out. Filtration of sample portions is performed on-line by
connecting the filter holders directly to the water outlet. A water sample is defined as water
collected during one day and consists of several sample portions, labelled with the same
sample number.

An overview of sample treatment and analysis methods is given in Appendix 7. The routines
are applicable independently of sampling method or type of sampling object.

In situ water samples were collected but not sent to the laboratories because they were

not considered representative for the sampled fracture zone. For the same reason, neither
enrichment of humic and fulvic acids for carbon isotope determinations nor fractionation of
inorganic species and organic acids were performed.

Table 5-4. Events during the pumping/measurement period in section 262.0—-266.9 m.

Date Events Improvement/deviation SKB sample no
041026 Lowering of downhole equipment (262.00-266.85 m).
Start of Chemmac measurements.
041028 Bore hole pump stopped.
041101 End of Chemmac measurements.

Calibration of surface Chemmac.
Lifting.

Calibration of borehole Chemmac.
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6 Nonconformities

During the hydrochemical investigation of borehole sections in KFMO05A, a number of
problems occurred and no representative data were obtained. The following points are
worth noting:

» Sampled water is not representative of the water bearing fracture zone at 712.6 to 722.0
m. During the sampling and measurement period in the first section, it became clear that
water from the borehole column above the upper packer intruded into the test section.
The indications were; 1) the pressure measurements did not show any drawdown, 2)
the water yield was unexpectedly large and 3) the chloride concentration in the water
samples was unexpectedly low. Two more tests were performed with different packer
positions. The section length was increased to 20 m in order to include a more fractured
part of the borehole and two different positions of the packers were tested. However, the
same pressure patterns were obtained. The hydraulic connection between the borehole
above the upper packer and the test section was verified by pumping in the upper part of
the borehole while measuring the pressure in the test section. The analytical data from
section 712.6-722.0 m are registered in the database SICADA and a new water type
notation is introduced saying; not representative water. The measurement data are stored
and the unsuccessful pumping is commented.

* The section at 262.0-266.9 m did not yield enough water. The pumping was interrupted
because the pumped flow rate was merely a few mL/min at a drawdown of 50 m which
is the maximum allowed value (50 m) for the equipment.

* The allowed upper limit for flushing water content, 1%, was exceeded. However,
the flushing water situation in the borehole was improved compared with previous
boreholes. The samples collected in sections 712.6—722.0 showed a decreasing trend
from 4 to 2%. These values are low, considering that most of the water originated from
the present water column in the borehole and not from the fracture zone.

* The enrichment and fractionation of humic and fulvic acids were performed in the
section at 712.6 to 722.0, but the samples were not sent for analysis due to that the water
in the section was not representative. No pmC, 0"*C or fractionation data will therefore
be available from this borehole.

* Gas content and composition, microbes and inorganic colloids were not determined.
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7 Data handling and interpretation

7.1 Chemmac measurement data

The processing of Chemmac data are described in SKB MD 434.007-02 (Métsystem-
beskrivning for Chemmac matsystem, SKB internal controlling document, in progress). The
following routines for Chemmac measurement data are generally applied.

7.1.1 Data file types and calculation software

The on-line measurements in a borehole section produce the following types of raw data
files:

+ Calibration files from calibration measurements (*.CRB) and corresponding comment
files (*.CI). The files are used for calculation of calibration constants (pH and Eh) and
the calibration factor (electric conductivity). For surface Chemmac ten *.CRB and ten
* CI files are produced, and for borehole Chemmac six *.CRB and six *.CI files.

* Raw data file containing the logged measurements from the borehole section and the
surface (*K.MRB) as well as a corresponding comment file (*.MI). The logged voltage
values need to be converted to pH and Eh values (also in mV) using the calibration
constants obtained from calibration.

* Measurement file including equipment and environment parameters (*O.MRB), such as
power consumption in the downhole Chemmac unit and temperature inside the hose unit.

The original raw data files are stored in the SICADA file archive. These data are further
evaluated to obtain pH and redox potential values and to correct the electric conductivity
values using the specially designed calculation software (Hilda). The resulting files
containing calculated and evaluated values as well as comments on the performance are:

* A file *constants.mio containing all of the calculated calibration constants (one constant
for each electrode in each buffer solution). The file is stored in the SICADA file archive
and is useful for following the development of single electrodes.

+ A file *measurements.mio containing the calculated and evaluated measurement values
(pH, redox potential, electric conductivity and water temperature). The data from the
file are exported to the data tables “redox” and “ph_cond” in SICADA. As the file also
contains some measured parameters that are not included in the tables mentioned above
(e.g. pressure registrations), the complete file is also stored in the SICADA file archive.

* A file *comments.mio containing comments on the fieldwork and the calculation/
evaluation. The comments in the file are imported as activity comments in SICADA.

7.1.2 Calculation and evaluation of pH and redox potential

The redox potential is measured by three electrodes at the surface and three in the borehole
section. In addition, pH is measured by two electrodes at the surface and two in the borehole
section. The redox and pH registrations are logged each hour during a measurement

period of approximately three weeks and a calibration is performed before and after the
measurement period. The treatment of the raw data includes the following steps:
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e (Calculation and choice of calibration constants.

+ Calculation of one pH and one redox potential sequence for each electrode (i.e. three or
six redox electrodes and two or four pH electrodes).

* Determination of representative pH and redox potential values as well as estimated
measurement uncertainties for the investigated borehole section.

One calibration constant is selected for each electrode using one of the following
alternatives:

» Case 1: Calculation of the average calibration constant value and the standard deviation.
The initial and the final calibration measurements results in four constants for each redox
electrode (in pH 4 and pH 7 buffer solutions) and six constants for each pH electrode (in
pH 4, 7 and 10 buffer solutions).

* Case 2: The calibration constant obtained from the initial calibration measurement at
pH 7 is selected since it is closest to the pH of the borehole water. This alternative is
chosen if the calibration constants obtained in the different buffers show a large variation
in value (generally a difference larger than 20 mV between the highest and the lowest
value). The standard deviation is calculated in the same way as in Case 1.

» Case 3: If the final calibration constants turn out to be very different (more than 20 mV)
from the initial constants, a linear drift correction is needed. The reason is most often a
drift in the reference electrode. The average values and standard deviations are calculated
for the initial and the final calibration constants separately and a linear correction is
made between the selected initial and the selected final constant. The higher of the two
standard deviation values is used in the estimation of the total measurement uncertainty.

The values in the measurement raw data file are converted to pH and Eh measurement
sequences for each pH and redox electrode using the calibration constant selected as stated
above.

The next step is to choose a logging occasion in a stable part of the measurement period and
select a representative result for each electrode. The average values are calculated for each
electrode group in order to obtain one representative value of redox potential, pH (borehole
Chemmac) and pH (surface Chemmac), respectively. Obviously erroneous electrodes

are omitted. The corresponding total measurement uncertainties are estimated using the
standard deviations of the calibration constants and the standard deviations of the Eh and
the pH values obtained by the different sets of electrodes. It is useful to evaluate pH at the
surface and pH in the borehole section separately, since pH in the pumped water might
differ from the pH measured in the borehole section. This is due to changing gas pressure
conditions which affects the carbonate system.

Factors considered when evaluating the measurement uncertainties in pH and redox
potential (Eh) values are:

» Difference in calibration constants for each electrode and calibration/buffer solution.
» Drift in calibration constants between the initial and the final calibration.

+ Stability in voltage value during the final part of the on-line measurement. A successful
measurement shows no tendency of a slope.

» Agreement between the different pH and redox electrodes on the surface and in the
downhole borehole Chemmac.

* Number of electrodes showing reasonable agreement. Obviously erroneous electrodes
are excluded from the calculation.
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7.2 Water analysis data

The following routines for quality control and data management are generally applied for
hydrogeochemical analysis data, independently of sampling method or sampling object.

Several components are determined by more than one method and/or laboratory. Moreover,
duplicate analyses by an independent laboratory are performed as a standard procedure

on each fifth or tenth collected sample. All analytical results are stored in the SICADA
database. The applied hierarchy path “Hydrochemistry/Hydrochemical investigation/
Analyses/Water in the database” contains two types of tables, raw data tables and primary
data tables (final data tables).

Data on basic water analyses are inserted into the raw data tables for further evaluation. The
evaluation results in a final reduced data set for each sample. These data sets are compiled
in a primary data table named “water composition”. The evaluation is based on:

» Comparison of the results from different laboratories and/or methods. The analyses are
repeated if a large disparity is noted (generally more than 10%).

» Calculation of charge balance errors according to equation (1). Relative errors within +
5% are considered acceptable (in surface waters = 10%).

Relati (0 ) 100 antions(equivalents)—Zanions(equivalents)
elative error (% )= X

(M

2 cations (equivalents )+ Z anions (equivalents)
* General expert judgement of plausibility based on earlier results and experience.

All results from special analyses of trace metals and isotopes are inserted directly into
primary data tables. In cases where the analyses are repeated or performed by more than
one laboratory, a “best choice” notation will indicate those results which are considered
most reliable.

An overview of the data management is given in Figure 7-1.
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8 Results

8.1 Chemmac measurements

Chemmac measurements are reported for the only investigated section, 712.6-722.0 m,

see Appendix 6. The pumped water is not considered representative for the water-yielding
fracture zone in the section and therefore the evaluation of the measurement data sequences
is simplified compared with the description in Chapter 7. Neither linear correction of the
calibration constants nor calculations of measurement uncertainties are conducted. The
values of Eh, pH, electric conductivity and dissolved oxygen are selected from the middle
part of the diagram just as the Eh starts to level out, see Figure A6-1. Selected data from the
measurements are given in Table 8-1.

Table 8-1. Chemmac measurement results in KFMO05A.

Borehole section Electric pH (surface pH (borehole Eh (borehole Dissolved

[m] conductivity* chemmac) chemmac) chemmac)” oxygen***
[mS/m] [mV] [mg/L]

712.6-722.0 1,380 7.8 7.5 -274 0.00 = 0.01

*The electric conductivity is measured between 0-10,000 mS/m with a resolution of 1% of the measurement
interval. Used measurement interval: 2,000 mS/m.

** Average value calculated from the three borehole electrodes.

*** Measuring interval 0—15 mg/L, resolution 0.01 mg/L.

8.2 Water analyses

Basic water analyses are reported to SICADA (Field note no 422) for the sample series
collected in section 712.6—722.0 m and for one sample collected in section 702.5-722.2.
Trace metal analyses and isotope determination have not been performed. The water type of
the samples in SICADA is denoted as “not representative water”. Although the usefulness
of the analytical data is doubtful, some information can be obtained regarding the situation
in the borehole. Therefore some of the results are presented and commented on below.

The basic water analyses include the major constituents Na, K, Ca, Mg, S, SO,>, CI, Si,
Sr and HCO;™ as well as the minor constituents Fe, Li, Mn, DOC, Br, F, HS", I and NH,".
Another important parameter is the flushing water content in each sample. The charge
balance errors give an indication of the quality and uncertainty of the analyses of major
constituents. The error did not exceed the acceptable level of + 5% in any of the cases.
Furthermore, batch measurements of pH and electric conductivity are compared with

the corresponding on-line Chemmac measurement values for section 712.6-722.0 m in
Appendix 6.

The flushing water contents and the concentrations of sodium, calcium and chloride in the
sample series are presented in diagrams in Figures 8-1 and 8-2, respectively. The flushing
water content was rather constant and surprisingly low for samples representing the water
column standing in the borehole. The low and practically constant concentrations of Na,
Ca and Cl, strongly indicate that the pumped water originates from the water column in the
borehole.
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Figure 8-1. Flushing water content versus sampling date in borehole section 712.6-722.0 m in
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9 Summary and discussion

The complete chemical characterisation in KFMO05A did not produce representative
chemical data due to lower hydraulic transmissivity in the two selected water-yielding
fractures than indicated by the initial flow logging. However, some useful information
was obtained and some conclusions from the investigation can still be made. These are
summarised below:

* At the investigation of the section 712.6—-722.0 m, a combination of three factors caused
sampling of water from the water column above the upper packer; 1) misunderstanding
considering interpretation of drawdown 2) unreliable flow logging data and 3) the
borehole wall is uneven and fractured for quite a long distance in the vicinity of the
fracture zone which made it difficult to isolate a test section.

* Unusually low flushing water content (4%) already from the start of the sampling and
a quickly stabilising redox potential at a plausible value indicated that representative
sampling conditions were obtained. Therefore the pumping/sampling continued despite
that the high pumping flow rate did not result in any significant drawdown.

* The hydraulic transmissivity calculated from flow logging data and from pumping
with the chemistry equipment are always compared. The flow logging data are not
always reliable, but if the results diverge considerably, the reason has to be investigated
thoroughly.

* A useful method to check if there is a hydraulic connection between the test section and
the water column above the upper packer is to pump the upper part of the borehole and
measure pressure responses in the test section.

» The redox potential measurement by the borehole Chemmac shows that Eh stabilises at
a negative value, comparable in size to representative water from deep fractures, also
when mixed water from the borehole column is measured.

* The low flushing water content (from 4% to 2%) in the borehole shows that the pumping
carried out to clean the borehole was efficient compared to earlier boreholes.

* The salinity was stable but considerably lower than expected during the pumping and
sampling period, which is an indication of not representative samples.
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Appendix 1

Design of cored borehole KFM05A

Technical data
Borehole KFMO05A

Reference point

Reference level 0.00 m

Reference
marks (m):
120
152
199
252
300
352
402
450
501
550
606
650
700
750
800
850
900

Drilling reference point

Northing: 6699344.85 (m), RT90 2,5 gon V 0:-15

Easting: 1631710.80 (m), RT90 2,5 gon V 0:-15

Elevation: 5.53 (m), RHB 70 Percussion drilling period
Orientation Drilling start date: 2003-11-23
Bearing (degrees): 80.90° Drilling stop date: 2003-12-16
Inclination (degrees): -59.80° Core drilling period

Borehole Drilling start date: 2004-01-27
Length: 1002.71 m Drilling stop date: 2004-04-20
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Appendix 2

Selected results of difference flow logging in KFM05A

Forsmark, Borehole KFMO5A
Difference flow measurement 2004-05-11 - 2004-06-02
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Figure A2-1. Borehole KFM05A: Hydraulic head and hydraulic transmissivity along borehole

KFMO05A4 /6/.
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Forsmark, Borehole KFMO5A

Flow measurement 2004-05-11 - 2004-06-02
A Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
A With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2004-05-24 - 2004-05-26
With pumping (L= 5 m), 2004-05-27 - 2004-05-29
With pumping (L= 1 m), 2004-05-29 - 2004-05-30
Lower limit of flow rate

A Fracture specific flow (into the hole) W Fracture specific flow (into the bedrock)
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Figure A2-2. Borehole KFMOS5A: Differential flow measurements from 260-280 m including the
water bearing fracture zone at 264.4 m /6/.
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Forsmark, Borehole KFMO5A

Flow measurement 2004-05-11 - 2004-06-02
A Without pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
\V4 Without pumping (L=5 m, dL=5 m), (Flow direction = into the bedrock)
A With pumping (L=5 m, dL=5 m), (Flow direction = into the hole)
Without pumping (L= 5 m), 2004-05-24 - 2004-05-26
With pumping (L= 5 m), 2004-05-27 - 2004-05-29
With pumping (L= 1 m), 2004-05-29 - 2004-05-30
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Figure A2-3. Borehole KFMO05A: Differential flow measurements from 700—720 m including the
possible water bearing fracture zones at 717 to 720 m /6/.
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Forsmark, Borehole KFMO5A
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Figure A2-4. Borehole KFMO5A: Differential flow measurements from 720-740 m including the
possible water bearing fracture zone at about 720.0 m /6/.
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Appendix 3

Pictures from BIPS logging in KFM05A
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Figure A3-1. Borehole KFM05A: BIPS logging from 264.0—264.6 m.
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Figure A3-3. Borehole KFM05A:
BIPS logging from 712.0-713.5 m.
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Appendix 4

Mesurement information, section 712.6-722.0
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Figure A4-1. Electrode configuration, section 712.6-722.0 m.
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Figure A4-2. Configuration of downhole equipment, section 712.6-722.0 m.
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Figure A4-3. Length calibration, section 712.6-722.0 m.

W e & b o5 B [ 95 ol T A B © 2

GivarKnnf. R.Utr.Konf.

1 arm Langoa L

Kemkal. LingdKal. Furcerad miitn

oRB

KOS £
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Appendix 5

Flow and pressure measurements
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Figure A5-1. Pressure (P2V and PB) and flow rate (Q) measurements from the borehole section
712.6-722.0 m. The sensors P1V and P2V measure the pressure in the section and are both placed
in the in situ sampling unit. P1V- and P2V-measurements coincide and P1V is omitted in order to
make the diagram clearer. PB is the sensor in the borehole Chemmac and measures the pressure
above the section. As can be seen, there is no drawdown except for the pressure fluctuations
caused by the piston of the borehole pump.
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Figure A5-2. Pressure (P1V) and flow rate (Q) measurements from the borehole section 702.5—
722.2 m. In this case all three pressure sensors (P1V, P2V and PB) are measuring the pressure
within the section. To make the diagram clearer, only one pressure sensor is included. As can be
seen, there is no drawdown except for pressure fluctuations caused by the piston of the borehole
pump. At the 25:th of October, pumping is performed in the upper part of the borehole and

a pressure response is observed in the borehole section. The response is seen more clearly in
Figure A4-3.
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Figure A5-3. Pumping is performed in the upper part of the borehole and a pressure response
corresponding to 2.5 m is observed in the borehole section 702.5-722.2 m.
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Figure A5-4. Pressure (P2V) and flow rate (Q) measurements from the borehole section
701.5-721.2 m. Also in this case all three pressure sensors (P1V, P2V and PB) are measuring

the pressure within the section. To make the diagram clearer, only the P2V sensor is included.
There is no drawdown, except for pressure fluctuations caused by the piston of the borehole pump.
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Figure A5-5. Pressure (P1V, P2V and PB) and flow rate (Q) measurements from the borehole
section 262.0-266.9 m. P1V and P2V are pressure sensors placed in the in situ sampling unit and
measure the pressure in the section. PB is the sensor in the borehole Chemmac and measures

the pressure above the section. At a flow rate of a few mL/min the drawdown obtained was
approximately 50 m.
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Appendix 6

Chemmac measurements (Eh, pH, electric conductivity,
dissolved oxygen and temperature) section 712.6-722.0
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Figure A6-1. Redox potential (Eh) measurements by platinum, gold and glassy carbon electrodes
in the borehole section (EHPTB, EHAUB and EHCB) and at the surface (EHPTY, EHAUY and
EHCY). The arrow shows the chosen representative Eh values for the borehole section.
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Figure A6-2. Measurements of pH by two glass electrodes in the borehole section (PHB and

PHIB) and two glass electrodes at the surface (PHY and PHIY). The laboratory pH in each

collected sample (PHL) is given for comparison. The arrow shows the chosen representative pH
values for the borehole section.
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Figure A6-4. Dissolved oxygen measurements (O2Y) in the surface measurement cell.
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Figure A6-5. Temperature of the water in the borehole section (TB).

53



uz ‘A‘aqd

SIN-dOI ‘d ‘IN 'O\ ‘BH ‘N 1D
(yuow) [eonL0 JON S3V-dOl  (FONH W |) SeA SOA 00l onseld ‘00 ‘PO ‘g ‘ed 'SV IV S|ejow [BjusWUOIIAUT
*Od
sinoy yz wnwixely  Answojoydosjoads ON ON 052 onseld “"HN ““ON+°ON “ON s)jes JualinN
oyuz
sAep ma} e ‘paAIasuU0D WL Jw | +HOEBN Zx021L
1110 Aj@jeipawiw| Anawojoydosoadg N LW L AT ON noqy (48puIpn) SSe|D SH apiydins uaboipAH
Aep awes poylaw suizoio (paysem
8y} ejqissod se uoos sy Anjewojoydonoeds  ((]OH W G) SBA SeA 005 ploY) onseld (103)e4 “(11)ed (103)e4 “(11)e
(Proy ayy ul G pue y
SIN-dOI Areyelpawwr) (paysem 1S ‘17 °UN ‘o4 ‘GoNIS  ssep gys 0} Bulpioooe
(yyuow) [eonLo JoN S3aV-dOl  (|ONH W) s9A S9A (o[0] pIoy) onseld ‘(1o1)s ‘BN ‘D M ‘BN S pue IS ‘suone)
(semogq
SN-dOI  ("ONH W | ‘piay (pioy oy PayseMm ploe "ouod 18 '17°(GoNIS ¢ ssep gys o} Bulpioooe
(tpuow) |BORLO JON S3v-doI U} UIjou) S8 UIJOU) SBA 00} molje)onseld  ‘(103)s ‘BN "D "M ‘BN S pue IS ‘suoney
(proy ayy
(yyuow) [eanio JoN SIN dOI ON urjou) saA 00l anseld | g
(-4) 381
(-4 '4g ‘y0s -10) 2l (proy oy}
(yyuow) [eonLo JoN (H10) uonen . ON urjou) soA (o[0] onseld 1448 *0S ‘10 < suoluy
seaw ‘puon (qey) puoo
sinoy gz wnwixew ‘seawl "j0d (p1ay ayy (ge))Hd
— Kep awes ay| uoneni| ON urjou) saA 0S¢ onseld *OOH :} suoluy
qe| 0} awiy AIaAl9p Luonealasuon (qw) (jeayew)
10 — Ulypm sishjeuy poyjauw sisAjeuy Juonjesedaid Buiiay|i4 awnjop  Jaulejuod ajdweg juawajdfusauodwon dnoub jJusuodwon

. Xipuaddy

‘spoyjouw sisAjeue pue sauinol Buijpuey ajdweg "}-2v a|qel

spoyjaw sisAjeue pue Buijdweg

55



$8[oq

(000) anseld ul pajos)||09
Hodsuel; ajeipawiw| | ‘uonepixo AN alaydsowye N - 0se ale suonoel4 uoljeuoioel SpIoe JIA|N pUE olWnH
wrl (mojaq 99s)
S-dOI G0'0 pue J8y uoljeuonoely
Jodsuel; ajeipawiw| S3v-dol alaydsouwie 2N - Z0‘s¥0 ajeuoqledAjod pue salas Ja}|l4 splojj0D
m_l_mo
|99)s ssa|juie)s O “THZD CHED ‘0D (uonisodwoo pue
Hodsuel sjeipawiwl| 09 ON ON 00¢ jo Jepullk  “H "HD 0 0D “N I¥ jJuslu09) seb paAjossI(
sadojos|
ModsueJ sjelpawiw| 002-a¥ ‘va3z ON ON 00S ohseld BYozz ‘Uz wnipey pue uopey
jwi oN SIN—dOl  (|ONH W ) S8 SOA 00} ohseld 9../90 sadojos| uoiog
Answonoads
ewweb ey ‘Ulogz sadojos|
Hwi oN "Jesedas [eolWBYD - ON 0S ohseld ‘UL zez ‘Neez ‘Nacz ‘Noez wnuoy| pue wniuein
Yoam Jo sheg SIL - SOA 00} ohseld 1S08/1S 8 sadojosi-wnijuoss
000°}
JwioN  SIN dOI ‘uosnquod - SOA —-009 ohseld Syel sadojos| Jnyding
shep ma} v SIN(V) - ON  Zx00} (umouq) sselo (On) owd *Og0 sadojos| uogled
S dOI - ON 00} ohse|d 108 €-3ulolyo
(yyuow) [ednLo JoN 0s1 - ON 005 (amoq Aip) onseld (‘paoueyus) He ‘winiu L
(Yauow) jeonLo JoN SN - ON 00} ohseld Os@ ‘Hef $9d0jos! [ejuswuoIIAUT
0005001 nzpewlys Beq pajelos|
JoyesAjeue uoqie) ul papodsuely Gz
awy} uonelodsuel; Joys Y| ‘uonepixo AN ‘uazol4 ON 0se onse|d 201 uogJe) oluebio [ejo |
0005001 nzpewliys Beq pajejos! uoque) aiuebioul
JojesAjeue uogqie)d ul payodsuel (74 paAjosSIp ‘uogJen
awi} uoneluodsues; Yoys Y| ‘uonepixo AN ‘uszol4 SOA 0S¢ oliseld 2ol1a ‘0od olueblio paajossiqg
UL ‘N ‘nTgA ‘wp 43
‘OH ‘AQ ‘aL ‘PO ‘N3 ‘wis
SIN-dOI ‘PN Ud @0 ‘IL JH ‘e ‘uo os
(Yauowr) eonI0 JON S3V-dOl  (|ONH W |) soA SOA 00} olseld  ‘sQ‘qS ‘| UZ ‘A ‘g ‘oS pue Yyl ‘N ‘splouejue
qe] 0} awi} AIaAlLp Luonealasuo) () (jersa3ew)
10 — ulypm sishjeuy poyjauw sisAjeuy Juonjesedaid Buudljl4 Bwnjop  Jaulejuod sjdweg juswajdjusauodworn dnoub jJusuodwor

56



Aydeibojewoliyn seo 09

Ajpwouoadg ssey (10jelaaooy) SIN(Y)

Bununog uonelug pinbi os1

Ajpwonoadg ssep S

sisAjeuy UONJEAI}OY UOJINSN [ejuswiniisu] VVNI

Anawonoadg ssey ewse|d pajdno) AjaAionpu SIN-dIDI
Anypwouyoadg uoissiwg olwoyy ewseld pajdno) AjaAonpu) S3v-dol
9p0JJO3|9 BAIJI9|8S UO| 39|

ydeiBojewolyd uoj o]

ISUOIJIUYOP PUB SUONBIABIGQY

"UOISED00 BWEeS 8y} Je Pajos||0o ale jey) sejdwes Jejiwis Auew moy uo Buipuadap Alea ueo ssjdwes aAIyoJe JO J8quinu 8y} “48quinu WNWIUIA .

"s9|dWesS JO UOI}BAIBSUOD Jo} pasn s| pioe undesdng ,

(49Bueyoxs uolue)

SpIoe JIAIN) pue olwny

shep ma} v SN(v) - - - asojn|j9d 3v3d (On) owd *O¢0 u sadojos! uogieD

Jauieu0d pIoE Jnoy)Mm

9z99J4 u| obelo)s - ON SOA  xCXx0G2 olse|d - sa|dwes aAIydIY

Jauleu0d (pioe pIoe yim

9z99l} u| obelo)g —  (ONH Jw L) seA SOA  .2x00l ul paysem) jse|d - sa|dwes aAIydIY
qe| 0} awi} A1aAlL9p Luonealasuo) () (jerso3eW)

10 — ulypMm sisfjeuy poyjaw siskjeuy Juoneiedaid Buud)ly Bwnjop  Jaulejuod ddweg juswajadjusuodwo) dnoub jusuodwo?n

57



Table A7-2. Reporting limits and measurement uncertainties.

Component Method Detection Reporting limit Unit Measurement  “Total”
limit or range uncertainty? uncertainty®
HCO; Alkalinity 0.2 1 mg/L 4% <10%
titration
Cl- Mohr titration 5 70 mg/L 5% <10%
Cl- IC 0.2 0.5 6% 10%
SO, IC 0.2 0.5 mg/L 6% 15%
Br- IC 0.2 0.7 mg/L 9% 20%
Br- ICP - 0.001-0.010" 15%
F- IC 0.2 0.6 mg/L 10% 20%
F- Potentiometri — - - -
I- ICP - 0.001-0.010" mg/L 15% 20%
Na ICP - 0.1 mg/L 4% 10%
K ICP - 0.4 mg/L 6% 15%
Ca ICP - 0.1 mg/L 4% 10%
Mg ICP - 0.09 mg/L 4% 10%
S(tot) ICP - 0.160 mg/L 10% 15%
Si(tot) ICP - 0.03 mg/L 4% 15%
Sr ICP - 0.002 mg/L 4% 15%
Li ICP - 0.2-2' pg/L 10% 20%
DOC See tab. 1 - 0.5 Mg/L 8% 30%
TOC See tab. 1 - 0.5 Mg/L 10% 30%
o°H MS - 2 %o SMOW*  1.0%0 -
6"%0 MS - 0.1 %0 SMOW*  0.2%0 -
H LSC - 0.8 0r0.1 TU® 080r0.1TU -
o%Cl ICP MS - 0.2%0 (20 mg/L) %o SMOC® — -
o"C A (MS) - >20 mg Carbon %0 PDB’ - -
pmC (“C) A (MS) - >20 mg kol PmC8 - -
S ICP MS - 0.2%0 %0 CDT® 0.2%o -
87Sr/%6Sr MS - - No unit 0.000020 -
(ratio) ©
°B/"B ICP MS - - No unit 0,0020 -
(ratio) ©
24U, 38U, 28U,  Alfa spectr. - 0.0005 Bq/L'# 0.05 Bg/L Right order
22Th, 230Th of magnitude
222Rn, 2%Rn LSC - 0.0005 Ba/L 0.05 Bg/L 11

Nk N =

Reporting limits at salinity < 0.4% (520 mS/m) and < 3.5% (3,810 mS/m) respectively.
Measurement uncertainty reported by consulted laboratory, generally 95% confidence interval.
Estimated total uncertainty by experience (includes effects of sampling and sample handling).
Per mill deviation' from SMOW (Standard Mean Oceanic Water).
TU=Tritium Units, where one TU corresponds to a Tritium/hydrogen ratio of 10-'® (1 Bg/L Tritium = 8.45 TU).
Per mill deviation™ from SMOC (Standard Mean Oceanic Chloride).
Per mill deviation' from PDB (the standard PeeDee Belemnite).

The following relation is valid between pmC (percent modern carbon) and Carbon-14 age:

pmC = 100xe!((1950v-1.0308274) where y = the year of the C-14 measurement and t = C-14 age.
9. Per mill deviation'? from CDT (the standard Canyon Diablo Troilite).
10. Isotope ratio without unit.

11. The following expressions are applicable to convert activity to concentration, for uranium-238

and thorium-232: 1 ppm U = 12.4 Bg/kg?*U
1 ppm Th = 3.93 Bq/kg®?Th

12. Isotopes are often reported as per mill deviation from a standard. The deviation is calculated as:
0¥l = 1,000% (Ksampie-Kstandara)/Kstandara, Where K = the isotope ratio and ¥l = 2H, 180, 3’Cl, "3C or *S etc.
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