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ABSTRACT

An experimentally oriented program has been initiated to
support the NRC anal/sis and licensing activities related to
high—level nuclear waste repositories. The program will
allow the NRC to independently confirm key geochemical
values used in the site performance assessments submitted by
the DOE candidate repository site projects. Key
radionuclide retardation -factor values, particjlarly
radionuclide solubility and sorption values under site
speci-fic geochemical conditions, are being con-Firmed. The
initial e-F-forts Are being directed toward basalt
rock/groundwater systems relevant to the BWIP candidate site
in the Pasco Basin. Future work will consider tu-f-f (NNWSI
candidate site in Yucca Mountain) and salt (unspecified ONWI
bedded or domal salt sites) rock/groundwater systems.
Initial experimental results with technetium have con-firmed
the BWIP values for basalt/groundwater systems under oxic
redox conditions: high solubility and no sorption. Under
reducing redox conditions, however, the experimental work
did not con-Firm the proposed technetium values recommended
by BWIP. In the presence o-f hydrazine to establish reducing
conditions, an apparent solubility limit -for technetium o-f
about 5E-7 mol/L was encountered; BWIP recommended
calculated values o-F IE—12 or >=1E—14 mol/L. Experimental
evidence concerning sorption o-f reduced technetium specits
is incomplete at this time. Equilibrium speciation and
saturation indices were calculated -for well water data sets
•from BWIP using the computer code PHREEQUE. Oversaturation
was indicated -for hematite and quartz in all data sets.
Near surface samples we'-e undersaturated with respect to
calcite, but most deep samples were oversaturated with
respect to calcite and other c?.bonate minerals.
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1. INTRODUCTION

Oak Ridge National Laboratory (ORNL) is supporting the NRC
staff analysis of DOE high-level waste repository candidate
site geochemical data by a laboratory oriented effort to
confirm key radionuclide retardation information. The
activity is focused on radionuclide solubility values and on
other retardation parameters (primarily radionuclide
sorption), is well as various experimental strategies,
laboratory techniques, and calculational methodology. The
results of this activity will help the NRC staff to
independently review and confirm key data values employed in
DOE site performance assessment analyses and the methods
used to develop these values, and will help the NRC define
uncertainties in the data. The results also will aid in
identifying areas requiring additional attention by the DOE
site programs and/or by NRC/Research activities.

The work emphasis is paralleling the DOE candidate site
development activities. Attention is first being directed
toward confirming values that quantify the behavior of
radionuclides in basalt rock/groundwater systems relevant to
the Basalt Waste Isolation Project, BWIP, candidate site in
the Pasco Basin. In the future, the work will include tu-ff
(relevant to the Nevada Nuclear Waste Isolation
Investigations, NNWSI, candidate site at Yucca Mountain) and
salt (relevant to the Office of Nuclear Waste Isolation,
ONWI, bedded and/or domal salt candidate sites)
rock/groundwater systems. The effort this year has
encompassed both laboratory experimental measurements and
investigation of calculaticnal methodology. Laboratory
activities have been limited to two key radionuclides:
technetium and neptunium. These are potentially significant
contributors to radioactivity releases to the accessible
environment in groundwater—ingress — groundwater—migration
events after waste emplacement since they may exhibit poor
retardaticn behavior in some geologic systems. The
calculational efforts have been evaluating methods of
calculating groundwater composition and correlating the
composition with the host rock minerals.

The key issues being addressed by this work encompass the
following questions:

Level 1 - General

Are the geochetnical values developed by DOE and used in the
DOE site performance assessment to show favorable predicted
radionuclide release behavior both conservative and
defensible, and are the values precise and accurate enough
for the NRC site analysis needs? (The assumption is that
values which DOE asserts support unfavorable site release
behavior predictions need not be analyzed by the NRC.)
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Level 2 - Intermediate

Is the limiting solubility of radionuclides in the
engineered barrier -facility and/or the far—-field asserted to
be a significant -favorable retardation parameter in the DOE
site performance assessment?.

Is radionuclide sorption in the engineered barrier facility
and/or in the far—field asserted to be a significant
favorable retardation parameter ?n the DOE site performance
assessment?

Level 3 - Specific

If radionuclide limiting solubility is an important
favorable retardation parameter, were the limiting
solubility values calculated or experimentally measured?

If the limiting solubility values were calculated, is the
calculational methodology and thermodynamic data base
adequate for each key radionuclide and for all the
groundwater compositions and rock components encountered
along the release pathway(s>?

If the limiting solubility values were experimentally
measured, are they saturated solution concentrations, were
the experimental methods and test parameters suitable and
sufficient, were both in situ groundwater and groundwater
compositions altered by interaction with the waste package
and engineered barrier facility components used, was the
saturated solution concentration obtained by convergence
from both over— and undersaturation, and were all key
radionuclides measured?

If radionuclide sorption is an important favorable
retardation parameter, were the experimental methods
suitable and sufficient, did the test parameters encompass
the geochemical parameters expected in the repository, were
all the host rock phases considered, were in situ and
altered groundwater compositions employed, and were all key
radionuclides measured?

2. TECHNETIUM

2.1 BWIP Solubility and Sorption Values

Technetium has been identified as one of the key
radionuclides in a nuclear waste repository in basalt, i.e.,
radionuclides which appear to pose the greatest potential
hazard to man (Barney 1980). The published BWIP data for
technetium solubility in Grande Ronde gruundwater and
sorption on basalt, secondary minerals, or inter-bed
materials from Grande Ronde groundwater is summarized in
Table 1.
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SUMMARY OF BWIP
TECHNETIUM

Table 1

SOLUBILITY AND

Redo*: Condition

Oxidizing Reducing

Solubility
(mol/L>:

Sorption
(mL/g):

basalt
0

sec. min.

i ntei—bed
2

0
to 7
0
0
0

to 3

IE- 12
>=1E-14

29
29
50

70
46 to 104

rage *

SORPTION VALUES FOF

Reference

Salter 1981a
Early 1982

SCR 1982
Salter 198ic
SCR 1982
Salter 1981b
SCR 1982
Barney 1982

For oxidizing conditions, the BWIP reports provide no
estimate of the solubility limit of technetium, and they
recommend a sorption distribution coefficient of 0 mL/g (no
sorption) for basalt, secondary minerals, or inter—bed
materials. Other references <Paquette 1980) state that the
solubility of the pertechnetate anion, TcO4-, the form of
technetium (VII) expected under BWIP oxidizing conditions,
is as high as 11 mol/L for sodium pertechnetate. Palmer
1981 has reported the sorption of pertechnetate under oxic
conditions on basalt, and gives a mean distribution
coefficient of 4.7 +/- 8.9 mL/g. The adsorption of
pertechnetate on basalt was explored in column experiments
(Francis 1979); that work suggested that the apparent
sorption was actually due to reduction to an insoluble form.

Under the reducing conditions expected in the BWIP basalt in
the far-field, technetium (VII) dissolved in groundwater is
expected to be reduced to technetium (IV) and the stable
technetium solid TcO2 is expected to crystallize (Salter
1981--'). The available thermodynamic data for Tc (IV) is
reported (Early 1982) to be limited and suitable only for
estimating a limiting solubility of >=1E-14 mol/L. Other
references (Paquette 1980) state that Tc (IV) may be present
as Tc02.2H20. The solubility of TcO2.2H2O has been reported
to be 5E-5 mol/L (Lefort 1963), but Paquette 1980 states
that this measured solubility may be too high. Moderately
high recommended technetium sorption distribution
coefficients of 29 to 70 mL/g are reported (Table 1) for
basalt, secondary minerals, or inter-bed materials under
reducing conditions. However, since Barney 1962 states that
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technetium precipitates at concentrations above IE—7 mol/L
under reducing conditions, some of the BWIP distribution
coefficient measurements may actually involve technetium
precipitation in the sorption test.

Although not explicitly stated in the BWIP Site
Characterization Report, it would appear that no technetium
retardation due to limited solubility or sorption on
repository minerals is expected under oxidizing conditions.
Under reducing conditions, technetium retardation in the
BWIP -far—field is apparently expected to result primarily
•from the low calculated limiting solubility a-f reduced
technetium under the anticipated site -far—field redox
potential (Early 1982). Additional retardation of reduced
technetium by sorption on basalt, secondary minerals, and
inter—bed materials also is apparently expected. Thus,
confirmatory information on both the solubility and sorption
values of reduced technetium is important for the NRC
BWIP-analysis activities.

2.2 Experimental Methods

Batch contacts to measure sorption distribution coefficients
and establish the apparent solubility limit of technetium
were carried out under the following test parameters:

Solids — Sentinel Gap outcrop basalt was crushed in an agate
mortar to 2O-7O, 70-235, and <235 mesh particle size
samples. Some samples were ultrasonically washed to remove
adhering fine particles. Most of the samples were crushed
in air, but a few were crushed and maintained under an argon
atmosphere. Clinoptilolite from Hector, California was used
as received; the particle size was 40-150 urn.

Groundwater — Synthetic basalt groundwaters GR—1 and GR—2
were prepared as described (Salter 1981b). The solutions
were traced with 95m-Tc (as NaTcO4) and with 99-Tc (as
NH4TcO4) at Tc concentrations of 1E-12 to 1E-5 mol/L. In
some tests, the traced groundwater was deaerated by
successive freeze-thaw cycles to the 10 ppb oxygen range,
while in other tests reducing conditions were simulated by
the addition of 0.07 mol/L hydrazine hydrate.

Groundwater/Solids Ratio - Most batch contacts were carried
out at a ratio of 10 mL/g. In some tests no rock solids
were present, and in others, the effect of varying the
liquid/solid ratio was explored.

Contact - The batch contacts were carried out in glass
bottles which were sealed with a plastic screw cap with a
PVC cap liner. The contact times varied. Some tests were
at laboratory ambient temperature (23 C), but most were
conducted at 60 C in an air thermostat.

Liquids/Solid Separation - After completion of the contact,
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the solids and liquid were separated by centri-fugation at
3,000 xg -for 30 minutes. Samples contacted at 60 C were
centri-fuged at ambient temperature. An aliquot of the clear
supernate was withdrawn -for technetium analysis. In some
cases, the radioactive material adhering to the tube and cap
liner was also counted.

Technetium Analysis — The 95m—Tc gamma peak at 0.204 meV was
counted in a Packard Auto-Gamma Scintillation Spectrometer.

2.3 Results

2.3.1 Oxidizing Redox Conditions

A number o-f batch contact tests were carried out both with
Sentinel Gap basalt and clinoptilolite, a secondary mineral
observed in some BWIP samples (SCR 19S2), at room
temperature and at 60 C at several levels o-f technetium
concentration -from 1E-12 to IE—6 mol/L in groundwaters GR-1
and GR—2. Most tests were conducted -for 3 days, but some
were continued for up to 90 days.

No sorption was observed on basalt or clinoptilolite. In
all tests, the concentration of technetium in the solution
recovered after contact was within +/— 107. of the initial
concentration.

2.3.2 Reducing Conditions

Three different experimental approaches were used to attempt
to achieve reducing, or at least non-oxidizing, conditions
in the batch contact tests which would be relevant to the
expected BWIP far—field redox conditions. These were:
(i) Hydrazine was added to the synthetic groundwaters GR—1
and GR-2, as was done in BWIP experiments (Barney 1982,
Salter 1981b, and Salter 1981c). A concentration of 0-07
mol/L was selected since this is in the range of hydrazine
concentrations used by BWIP.
(ii) Some synthetic groundwater solutions were put through a
series of successive freeze-thaw cycles to deaerate them to
low oxygen content levels.
(iii) Massive chunks of basalt were crushed and ground in an
inert atmosphere box, and the contact samples were prepared
and sealed in the box.

The experimental results (Table 2) with basalt in the
presence of hydrazine were quite different from those under
oxic conditions. The tests were carried out for 18 or 24
days at 60 C. Parallel blanks containing no basalt were
run.
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Table 2

TECHNF1TIUM REMOVAL FROM HYDRAZINE-CONTAINING
SOLUTIONS IN THE PRESENCE AND ABSENCE OF BASALT

Initial Tc
<mol/L)

l.OE-10
1,OE-1O
1.OE-B
1.OE-8

1.OE-6
•1

II

•1

•1

2.OE-6
*'.
•i

5.0E-&
n

ii

•I

1.OE-5
m
••

•i

5.0E-5
II

M

• 1

Li quid

GR-1
GR-2
GR-1
GR-2

GR-1
VI

II

GR-2
II

• 1

GR-1
II

GR-2
•I

GR-J
It

GR-2
II

GR-1
11

GR-2
11

GR-1
ri

GR-2
II

Solid

Basalt
none
Basalt
none

Basalt

none
Basalt
none

u

Basalt
none
Basalt
none
Basalt
none
Basalt
none
Basalt
none
Basalt
none
Basalt
none
Basalt
none

Final Tc
(mol/L)

B.3E-11
5.&E-12
2.1E-9
5.3E-10

3.6E-7
1.2E-7
2.3E-7
1.1E-7
2.3E-7
6.8E-S
3.OE-7
3.3E-7
3.4E-7
3.3E-7
5.OE-7
4-1E-7
4.2E-7
4.3E-7
8.2E-7
4.8E-7
6.2E-7
4.3E-7
1.3E-6
5.5E-7
8.5E-7
6-2E-7

All the tests at an initial technetium concentration 1E-&
mol/L or higher had nearly equivalent technetium
concentrations in solution after separation and the presence
or absence ' of basalt seemed tc have no effect on the
technetium concentration. There results indicate that a
solubility limit had been reached and that removal of
technetium from the synthetic groundwaters was due to
precipitation in the presence of hydrazine. If the values
with and without basalt are combined, an apparent limiting
concentration of about 5E-7 mol/L is obtained.

The few batch contacts conducted at initial concentrations
of less than 1E-6 mol/L gave results suggestive of moderate
sorption effects. However, the sorption appeared not to ba
dependent upon the presence of basaLt and occurred in the
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absence o-f basalt on the glass bottle and PVC cap liner.
Additional tests are underway to attempt to determine i-f
sorption of reduced tec.hnetium ions o-f unknown speciation is
occurring.

Interpretation of the solubility results -from the tests at
initial technetium concentrations of >lE-6 mol/L are
complicated by two -factors. First, appreciable sorption or
adhesion o-f technetium was detected on the glass sample
tubes and the PVC cap liner regardless of the presence or
absence of basalt. When the technetium in the solution, in
the solid, on the tube, and on the cap liner were counted,
about 90"/. of the technetium initially added was accounted
for. Second, the SR-1 and GR-2 synthetic groundwaters were
not stable at 60 C with added hydrazine, and a significant
volume of precipitate formed which could be scavenging or
carrying technetium. The composition of the precipitate is
under investigation. Thus, at the present time, caution is
suggested in accepting the apparent solubility limit o?
about 5E-7 mol Tc/L as representing solution saturation in
contact with TcO2 or TcC2.xH20 solids. Additional
experiments are underway.

Some preliminary results (Table 3) on technetium removal
from solution during experiments in which basalt was first
ground in an inert atmosphere and then contacted with
solutions which had been deaerated by freeze-thaw cycling
and sealed in a vacuum system.

Table 3

TECHNETIUM REMOVAL FROM SOLUTION BY BASALT
PULVERIZED IN AN INERT ATMOSPHERE

Basalt Pretreatment

Ground in air

Ground in inert atmosphere
Exposed to air for 2 hours

Initial Tc
(mol/L)

tracer

1E-8
1E-8

Tc Removed
(%)

0

30
10

Solutions deoxygenated by freeze-thaw cycles

These preliminary results suggest that freshly exposed
basalt surfaces which have not been allowed to contact air
are capable of removing some technetium from solution,
possibly by reduction and then sorption of unknown
technetium solution species. This effect is diminished on
exposure of the basalt to air. Additional tests are
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underway to explore this apparent native basalt reducing
capabi1ity.

2-4 Discussion and Conclusions

2.4.1 Oxidizing Conditions

Oxidising groundwater conditions will likely exist in the
BWIP repository engineered barrier -facility and the
disturbed zone be-fore repository closure, and for some time
a-fter closure. Oxidizing conditions also could exist in
migrating groundwater -for some distance into the far—field,
depending on the rate of reduction and reducing capacity of
the BWIP host rock assemblage. Therefore, knowledge of
technetium behavior under oxidizing conditions is important
for performance assessment activities.

The ORNL work to date has confirmed the BWIP assertions or
recommended values for technetium behavior under oxidizing
conditions. No sorption was observed on basalt or
clinoptilolite (a typical secondary mineral) and no
solubility limit was encountered in any test. Thus it
appears that if technetium can exist as pertechnetate in
groundwater at the BWIP site, it would be expected to
migrate at the groundwater migration velocity.

2.4.2 Reducing Conditions

The unaltered or unexposed basalt is expected <Early 1982)
to be sufficiently reducing to reduce technetium in the
far—field to technetium (IV). A very low calculated
limiting solubility of >=1E-14 or 1E-12 mol/L is given in
BWIP reports (Salter 1981a, Early 1982) and, although not
explicitly stated in the Site Characterization Report (SCR
19B2), it appears that BWIP may be anticipating substantial
retardation of technetium in the far—field due to the
calculated low limiting solubility. Further retardation
also seems to be expected by BWIP due to the moderate
sorption distribution coefficients reported. Therefore,
confirmation of -these solubility and sorption values is
important for the NRC performance assessment analysis.

The ORNL work to date has not confirmed either the BWIP
recommended ' technetium (IV) solubility or sorption values.
An apparent saturated solution concentration value of about
5E—7 mcjl/L for reduced technetium has been measured in the
presence or absence of basalt under the reducing conditions
established by 0.07 mol/L hydrazine in the synthetic
groundwater. This value is closer to the reported measured
value of 5E-5 rool/L for TcQ2.2H20 (Lefort 1963) than to the
BWIP calculated values, rnd also is close to the value of
1E-7 mol/L suggested by Barney 1982. At the present time,
it seems that the BWIP calculated solubilities may be
unrealistically low. Additional solubility tests are
planned utilizing a controlled atmosphere box for isolation
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•from air rather than arti-f ici al ly establishing reducing
conditions through introduction o-f hydrazine. The effects
of groundwater composition and experimental procedure are
also being investigated.

The ORNL work to date suggests than some sorption o-f unknown
reduced technetium species might be occurring either in the
presence or absence of basalt. Additional tests are
underway to try and quantify this sorption. The tests do
not, however, confirm or contradict the BWIP sorption
distribution coefficient values. If the obvious
precipitation occurring in the tests is ignored and sorption
distribution coefficients calculated as was done in the BWIP
work, similar distribution coefficient values can be
obtained. This agreement is largely fortuitous) however,
since valid distribution coefficient values can not be
measured in the presence of precipitated radionuclide
soli ds.

The results with deaerated solutions in contact with basalt
crushed in an inert atmosphere indicate that the native
basalt can reduce Tc (VII), as indicated by loss from
solution. However, the reducing capability seems to be
rapidly lost on contact with air. This observation may be
consistent with the BWIP assertion that reducing conditions
will be established in the repository far—field.

3. NEPTUNIUM

Z. i BWIP Solubility and Sorption Values

Neptunium has also been identified as a key radionuclide in
a basalt repository (Barney 1980). The published BWIP
information on neptunium solubility in Grande Ronde
groundwater and sorption on basalt, secondary minerals, arid
inter—bed materials from Grande Ronde groundwater i s
summarized in Table 4. Although not explicitly stated in
the Site Characterization Report (SCR 1982), i t would appear
that neptunium retardation in the BWIP disturbed zone and/or
far—field is expected to result from a combination of very
low solubility in the groundwater under the anticipated
reducing redox conditions and from moderate sorption on
basalt, secbndary mineral, and intei—bed materials under
oxidizing or reducing conditions. Thus, confirmatory
information on both scrption and solubility of neptunium is
important for the NRC BWIP—analysis act ivi t ies .
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Table 4

SUMMARY OF BWIP SORPTION AND SOLUBILITY VALUES FOR NEPTUNIUM

Redox Condition

Oxidizing Reducing Reference

Solubi1ity
(mol/L):

Sorpti on
<mL/g):

basalt

sec. mi n.

i nter—bed

1.1E-10
IE-IS

37

14

10
15
50
to
20
to

54

26

200
200
200

50
34 to 600

Early 1982
Salter 1981a

SCR 1982
Salter 1981c
SCR 1982
Salter 1981a
SCR 1982
Barney 1982

3.2 Laboratory Progress

Control 1ed—atmosphere glove boxes are being installed in an
alpha containment laboratory to carry out anoxic condition
solubility and sorption tests with appreciable quantities o-f
neptunium." The glove boxes were transfered -from a
decommissioned plutonium production line and substantial
decontamination and modi-fication has been required to adapt
them to this experimental prcgram. The boxes have been
received and decontaminated^ and are being modi-fied and will
be ready -for use soon. In the meantime, solutions and
samples are being prepared -for neptunium sorption/solubi 1 ity
experiments under BWIP-relevant oxic conditions. The batch
contact tests have recently been initiated and results are
not yet available.

4. GEOCHEMICAL HDDEL CALCULATIONS

Beochemical data may be used to in-fer directions and rates
o-f flow as well as compositional trends for groundwater near
a
o-f
o-f

waste repository site. Often? however;, the constituents
groundwater interact with one another so that treatment
a single parameter may not only reflect addition to or

removals from the solution, but may also be affected by
reactions among the constituents. Chemical modeling
provides a -framework within whi-rh to rationally consider
multiple components simultaneously in assessing the
reactions that occur. Several chemical codes have been
developed recently tc determine the state that would be



DRAFT 08/17/83 Page 12

attained by a given set of constituents at equilibrium, and
which simulate the possible courses o-f reactions toward
ultimate equilibrium (Jenne 1979). Advantages and
disadvantages of thesti codes, as well as precautions in
their literal application, have been discussed elsewhere
(References?) and will not be repeated here. It is
recognized, however, that the application o-f chemical
equilibrium codes may generate results that do not
necessarily represent the system of interest if: (i) that
system is not at equilibrium, (ii) the basic thermodynamic
data are incorrect, (iii) the model does not include
relevant chemical species, or (iv) the input dc.ta are
inaccurate. Recognizing these pitfalls of implicit
acceptance of the results of computational processing of
real-world data, nonetheless it is: often useful to make such
calculations to estimate the direction in which equilibrium
lies and the degree of departure from equilibrium for a
given solution.

Compositional data for Hanford area groundwaters
(Reference?) were entered as starting values in the computer
code PHREEQE (Parkhurst 1980) and equilibrium speciation and
saturation indices were calculated. Tha standard data base
was used for these preliminary runs of the code. Data from
groundwater samples collected from depth intervals in each
of four deep wells (DC15, DC6, DB15, and DC14) were used.
Apparent oversaturation with respect to several common
minerals was found for most samples. For example. most
samples were calculated to be ^^ersaturated with respect to
quartz and hematite, and many ars oversaturated with respect
to chalcedony, goethite, calcite, and fluorite. The iron
minerals and amorphous ferric hydroxide are generally
over saturated; this is believed to reflect airti facts in the
input analytical compositional data. Iron concentrations
are normally low in grotindwaters and the analysis may
actually be determining colloidal ferric oxyhydroxide
species rather than ionic species, as is assumed by the
model. Apparent oversaturation with quartz and chalcedony
are believed to reflect the dissolution of the glass phase
from the basalt- and the lack of an effective reaction
pathway to remove the solubilized silica from solution. The
silica oversaturation may result from the difference in the
relatively high rates at which volcanic glass can dissolve
compared with the slew rates of formation of silica minerals
such as quartz.

Trends of the saturation indices with depth (and hence wit'i
increasing temperature «?.nd pressure) are evident, but are
not always in the same direction. For example, quartz
oversaturation appears to increase slightly with depth in
well DC15 but to decrease slightly in wells DC6 and DB15.
In well DC14, which lies to tha north of the other wells
examined, there is a dramatic decline in the quartz
saturation index with depth. On the other hand, calcite and
fluarite saturation indices consistently increase with
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increasing deptn, usually indicating undersaturation near
the top o-f the w&ll and becoming oversaturated at depth.
For wells DC15 and DC14, the computations were run -for an
isothermal profile at 25 C as well as at the formation
temperature. While the trend of carbonate mineral
saturation was reduced by adjusting to an isothermal
profile, it was not altogether removed. Consequently, the
depth trend in saturation indices for calcite and other
minerals appear to represent some real changes that are
occurring in groundwater composition.

A similar computational analysis of groundwater samples from
aquifers of the Columbia Plateau basalts was reported by
BWIP (Deutsch 1982) using the code WATEQ2. In that ana_lys\s
calcite was found to be at aquilibrium with the
groundwaters, ^nd most of the samples w=re at equilibrium
with amorphous silica (glass). Amorphic ferric hydroxide
computed at oversaturation and the groundwaters were either
over- or undersaturated with respect to various clays and
secondary minerals. The results were interpreted as
suggesting that the process of dissolution of Dasaltic glass
and deposition of secondary minerals is still continuing,
despite the long history of basalt contact with groundwater.
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