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Abstract
Research into pahoehoe lava flows are of great importance because they can indicate mode
of emplacement and duration of eruption that produce such lava flows. Þingvellir lava is
pahoehoe lava composed of many lava lobes. Each lava lobe consists of three parts, upper
crust, lava core and basal crust. Thin crust forms on the surface of pahoehoe lava when it
flows on the surface. When the upper crust has reached sufficient strength to slow down
the advance of the flow front, hydrostatic pressure within the lava lobe increases and it
inflates. Meanwhile the lava beneath the upper crust is constantly adding to the thickness
of the crust. The Þingvellir lava is a 10.8 km3 flow field that covers the northern half of
Þingvellir basin. The main objective of this project is to document the characteristic
volcanic architecture of the flow field as well as gain better understanding of mode and
duration of its emplacement. The fissures at Þingvellir, e.g. Almannagjá, provide excellent
exposures into the compound nature of the Þingvellir lava and thus are ideal for examining
the lateral and vertical arrangements of lava lobes along with the internal structures that
typify individual lobes. For this study I examined a 300 m long section of the footwall to
Almannagjá. The lobe geometry is documented, lobe thickness and length measured to
determine the aspect ratio for each. Thickness of upper crust on each lobe is measured to
determine the duration of emplacement for each. The vesicularity of the upper crust is
determined via image analyses and the results are examined in relation to mode of
emplacement to evaluate possible mechanisms for the growth of the upper crust. This data
is used to establish the collective emplacement time for the lobe in the examined section of
the footwall. The area covered by the lava represented in the section is estimated using the
lobe geometry and aspect ratios, which in turn is used to estimate the duration of the
eruption that formed Þingvellir lava. The results of these calculations indicate that the
emplacement time of Þingvellir lava could be on the time scale of hundred years. To get
more precise results for the emplacement time a more extensive research has to be done.

Útdráttur
Rannsóknir á helluhraunum eru mikilvægar af því að þær geta geta gefið vísbendingar um
myndunarferli og lengd einstakra atburða sem mynda slík hraun. Þingvallahraun er
helluhraun samsett úr mörgum hraunsepum. Hver hraunsepi skiptist í þrjá hluta,
yfirborðsskorpu, kjarna og botnskorpu. Þunn skorpa byrjar að myndast á yfirborði
helluhrauna þegar þau renna á yfirborði. Þegar skorpan hefur náð nægilegum styrk til þess
að hægja á framrás hraunsins, eykst vökvaþrýstingur í hraunsepanum og hann þenst út.
Samtímis því er hraun sem rennur undir yfirborðsskorpunni stöðugt að bæta við þykkt
hennar. Þingvallahraun er 10.8 km3 hraunbreiða sem þekur norðurhelming
Þingvallalægðarinnar. Meginviðfangsefni þessa verkefnis er að skrá niður helstu einkenni á
uppbyggingu hraunsins og einnig að öðlast betri skilning á myndunarferli og
myndunartíma þess. Gjárnar á Þingvöllum, t.d. Almannagjá veita einstakar opnur inní
uppbyggingu Þingvallahrauns og eru því tilvaldar til rannsókna á láréttri og lóðréttri
uppröðun hraunsepanna ásamt innri uppbyggingu sem einkennir þá. Fyrir þessa rannsókn
rannsakaði ég 300 m langt snið á flávegg Almannagjár. Stærð og lögun hraunsepanna var
skráð, þykkt hraunsepanna og lengd þeirra var mæld til að ákvarða hlutfallið þar á milli.
Þykkt yfirborðsskorpunnar á öllum hraunsepum er mæld til að ákvarða myndunartíma
þeirra. Magn af blöðrum í yfirborðsskorpu er ákvarðað með myndgreiningu og
niðurstöðurnar eru athugaðar með tilliti til myndunarferlis hraunsins til að meta hvernig
myndun yfirborðsskorpunnar gengur fyrir sig. Þessi gögn eru notuð til þess að ákvarða
heildarmyndunartíma hraunsepanna í sniðinu í fláveggnum. Flatarmál svæðisins sem
hraunið í sniðinu þekur er metið með stærð og lögun hraunsepanna og hlutföllum þar á
milli, sem er síðan notað til þess að meta heildartíma eldgossins sem myndaði
Þingvallahraun. Niðurstöður þessara reikninga gefa til kynna að myndunartími
Þingvallahrauns gæti verið á hundrað ára tímaskala. Til að fá nákvæmari niðurstöður fyrir
myndunartímann er nauðsynlegt að framkvæma viðameiri rannsókn.
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Terminology
Term

Definition

Lava flow field

A complex body of lava identified on the basis of field relations
and chemistry as the product of one eruption; may consist of
several lava flows
Lava flow
A regional subunit formed during a continuous effusive event,
may in some cases correspond to a single eruption; may consist
of many flow lobes
Flow lobe
A single unit of lava surrounded by glassy (chilled) crust,
varying in long dimension from decimeters to several
kilometers and up to 60 m thick.
Sheet lobe
A lobe with a flat or gently undulating flow surface produced by
one continuous outpouring and injection of lava: much wider
and longer than thick, and can be tens to thousands of meters in
long dimensions
Upper crust
The vesicular hypocrystalline upper part of a sheet lobe
Lava core
The columnar jointed holocrystalline lower part of a sheet lobe
Basal crust
The vesicular hypocrystalline base of a sheet lobe
Breakout
A small lobe originating as an outbreak of lava from the molten
interior of a previously formed lobe: lobe margin and surface
breakouts, lobes formed as breakouts through the front (or
sides) and the upper surface of the feeding lobe, respectively
Vesicles
Molds of gas filled voids frozen in the lava, referred to as
microscopic (<2 mm in diameter) and macroscopic (>2mm)
Pipe vesicles and
Roughly cylindrical pipes of near-vertical orientation that is
Vesicle cylinders
hollow in the former case and filled with vesicular segregated
material in the latter.
Vesicular zone
Decimeter to meter thick horizons with >10 vol% of
macroscopic vesicles
Columnar zone
Lower one-half to two thirds of flow, distinguished by elongate
to blocky, four to five sided columns and 1-3 m joint spacing:
generally corresponding to the colonnade
Crustal zone
Upper one-half to one-thirds of flow, distinguished by uneven
and irregular, tapering columns and 0,5-1,5 m joint spacing,
with joint density (number per unit length) of 2-3 times that of
the columnar zone.
Terminology from Thordarson & Self, 1998
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1 Introduction
Research into basaltic lava flows is of great importance because they are the most common
volcanic rocks on Earth (Hon et al., 1994; Self et al., 1998). The key aspects to study are
features and structures that provide indication of duration and mode of lava emplacement.
These information in combination with information on the flow field areal extent and
volume can provide estimates of magma discharge, rate of lava advance, eruption duration
as well as enable assessment of eruption dynamics and the atmospheric mass loading of
volcanic gases by the eruption (Thordarson & Self, 1998). There will be focused on two of
these parameters in this study, modes of emplacement and eruption duration.
Morphology and structure of basaltic lava flows spans the range from pillow lava,
pahoehoe, rubbly pahoehoe and a’a, which are independent of the size and volume of the
lava flow fields. Pahoehoe flows in Hawaii, Iceland and the Columbia River Basalt Group
exhibit identical internal architecture. In that content areal extent or volume of the lava
does not affect the arrangement or the appearance of internal structures (Thordarson &
Self, 1998). The great similarity of internal structure between pahoehoe lava of all sizes
implies that this internal architecture represents a fundamental mode of emplacement
common to all pahoehoe. Therefore, studies on smaller pahoehoe flow fields, where the
application of studies is more manageable can provide new knowledge and understanding
that is applicable to pahoehoe worldwide.
The subject of this research project is internal architecture of the Þingvellir lava flow.
Many faults and fissures at Þingvellir provide spectacular sections to examine the internal
structure of the lava flow. The principal aim of this study is to measure up and describe the
lava lobes that make up the 300m section of the footwall of Almannagjá fault (Figs. 2 &
3). Þingvellir lava flow field is a pahoehoe and thus inferred to have grown via inflation
and endogenous growth. This study presents new field data and measurements that support
that statement. The intention with the measurements is to estimate the emplacement time of
the flow field, describe its mode of emplacement and to find out if there is a relationship
between thickness and length of individual flow lobes.
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2 Geological setting
The asthenosphere of the Earth is divided into tectonic plates that move from 1 cm up to 12
cm per year. Iceland lies across the divergent plate boundaries separating the North
American plate from the Eurasian plate (Fig. 1). The North American and Eurasian plate
move away from each other about 2 cm per year in E-W direction. If the North American
plate has a fixed position, Central Iceland has a plate velocity vector of 18.2 mm/year in a
direction of 105° (Einarsson, 2008). Divergent plate boundaries of the Earth form ridges
and are almost exclusively submarine and normally on 2-3 km depth, Iceland is a rare
exception of that. Iceland is a hotspot and the reason for Iceland rising above sea level is
that the mid-ocean ridge segment across Iceland is superimposed on a mantle plume which
has added buoyancy and elevates the region. Hot spots are region of elevated volcanic
activity. The consensus is that the mantle plume reaches deep into the Earth and carries
pristine and hotter mantle material towards the surface and creates the magmatism that
underpins the hot spot (Bjarnason, 2008).

Figure 1 – Geologic map of Iceland showing the volcanic zones and distribution of volcanic systems
(Jóhannesson & Sæmundsson, 1998). Arrows indicate spreading direction. Area of study is marked by a
black box. Every segment of the plate boundary is marked on the picture along with intraplate volcanic belts.
Abbreviations are following: RR=Reykjanes Ridge, RVB=Reykjanes Volcanic Belt, SISZ=South Iceland
Seismic Zone WVZ=West Volcanic Zone, MIB=Mid-Iceland Belt, EVZ=East Volcanic Zone, NVZ=North
Volcanic Zone, TFZ=Tjörnes Fracture Zone, KR=Kolbeinsey Ridge, ÖVB=Öræfi Volcanic Belt and
SVB=Snæfellsnes Volcanic Belt. Modified from Thordarson & Höskuldsson, 2008.
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Iceland features volcanic zones where each volcanic zone contains many volcanic
systems (Fig. 1). Two types of volcanic zones exist in Iceland, axial volcanic zone and
intraplate volcanic belts. The axial volcanic zone runs across Iceland from Reykjanes in the
southwest to Öxarfjörður in the north. That is the zone of active spreading and plate growth
in Iceland. The axial volcanic zone is made up of few core structures; the West (WVZ) and
the North (NVZ) volcanic zones which are linked together by the Mid-Iceland belt (MIB)
and connected to the Mid-Atlantic Ridge system by the Reykjanes Volcanic Zone (RVZ)
in the south and the Tjörnes Fracture Zone (TFZ) in the north. The East Volcanic Zone is
an axial rift in the making that ultimately will take over from the WVZ. Two intraplate
volcanic zones exist in Iceland, the Öræfi volcanic belt (ÖVB) and the Snæfellsnes
Volcanic Belt (SVB) (Thordarson & Larsen, 2007). ÖVB may represent an embryonic rift
as proposed by Thordarson & Höskuldsson (2002) and the SVB is an old rift zone
reactivated about 2 Ma and is currently propagating to the east-southeast. The axial
volcanic zones are typified by tholeiitic magmatism and the intraplate volcanic zones by
mildly alkali magmatism (Thordarson & Larsen, 2007).

2.1 Geology of Þingvellir
The Þingvallavatn area is a part of the Mid-Atlantic Oceanic Rift and is situated in
southwest Iceland. It is a part of the WVZ (Fig. 2) (Sæmundsson, 1992). The area provides
an excellent view of divergent plate boundaries.
Þingvallavatn basin is a NE-SW elongated graben. In the area there is an active axial
rift (Sæmundsson, 1992). The graben boundaries are to the northwest and southeast.
Almannagjá, a 7,7 km long southeast dipping normal fault (Fig. 3) defines the northwest
margins and to the southeast it is demarcated by Hrafnagjá, a 11 km long northeast dipping
normal fault. Almannagjá has a maximum throw of 28 m and Hrafnagjá 14 m
(Guðmundsson, 1986; Grant & Kattenhorn, 2004).
To the southwest of Þingvallavatn is the Hengill central volcano. Majority of the faults
and fissures extending northeast into Þingvellir represent the northern arm of the fissure
swarm of the Hengill volcanic system. This link has been demonstrated by continuity of
the faults and fissures along with ground movements that took place in the year 1789. To
the east of the Hengill central volcano is Hrómundartindur volcanic system (Fig. 2). The
fissure swarm of Hrómundartindur is narrower than Hengill fissure swarm and extends
along the eastern shore of Þingvallavatn. North of Þingvallavatn is a volcanic system with
center at Prestahnúkur. Northeast of the lake are prominent volcanic landmarks e.g.
Skjaldbreiður and Hrafnabjörg. Sæmundsson (1992) has proposed that these landmarks
represent a separate volcanic system but in Thordarson & Höskuldsson (2008) it is shown
lying outside of the defined systems. However Sinton et al. (2005) question the existence
of volcanic systems in the WVZ by pointing out the fact that lava shield eruptions
dominate the eruptive history of the WVZ. The distinctive features of lava shield eruptions
are long duration, low effusion rate and recharge magma arising out of the mantle. This
means that presence of large crustal magma reservoirs has been rare in the WVZ
throughout postglacial time (Sinton et al., 2005).
The area from Þingvallavatn up to Langjökull is characterized by voluminous lava
shields and rows of table mountains, while on the other hand the Hengill and
Hrómundartindur systems are characterized by less voluminous fissure eruptions. All these
volcanic systems have been active in postglacial times. The area northeast of the lake was
highly active in early postglacial time. It erupted somewhere around 30 km3 of lava
4

(Sæmundsson, 1992). All of the lavas that have erupted in the WVZ in postglacial time are
olivine-normative, tholeiitic basalt. Of all the eruptions in the WVZ only one has taken
place in the Þingvellir basin and in addition to that only one lava flow, the Þingvellir lava,
has significantly covered the surface of the basin during the Holocene. That may explain
why the Þingvellir graben is by far the deepest graben structure in Icelandic rift zones
(Sinton et al., 2005).

Figure 2 ‒ Map showing distribution of the Þingvellir lava and volcanic systems around Þingvallavatn.
Black dashed lines mark suggested outlines of defined volcanic systems. Central Volcanoes are following;
Hengill, Hrómundartindur and Prestahnúkur (Sæmundsson, 1992). Red areas represent area where
Þingvellir lava is exposed at the surface and the red line defines the distribution of the lava in the lake
(Sinton, 2009). Dashed red line represents possible outline of the part of the Þingvellir lava which is now
covered by younger lavas and the red star marks the possible vent location.
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Figure 3 ‒ Aerial photograph of the segment of Almannagjá that was measured and described. The section
that was measured and described is marked with red box. Öxarárfoss waterfall is in the bottom left corner.

2.2 Characteristics of the Þingvellir lava flow
The origin and distribution of the Þingvellir lava has been difficult to determine.
Sæmundsson (1992) assumed that the Þingvellir lava most likely originated at the crater
row Eldborgir. The 5 km long crater row of Eldborgir is situated NE of Þingvallavatn.
According to Sæmundsson (1992) the other option of origin for the Þingvellir lava was
Skjaldbreiður but he inferred that it originated in the Eldborgir crater row.
More recent observations of the Þingvellir lava by Sinton et al. (2005) conclude that
the lava flow field defined as Eldborgir lava by Sæmundsson (1992) is in fact four
distinctive lava flow fields from four separate eruptive sequences. The oldest and largest of
them is the Þingvellir lava. A detailed chemical analysis made it possible to differentiate
between these four lava flows.
The size and volume of the Þingvellir lava flow varies between different studies. The
recent study of Sinton et al. (2005) estimates the areal distribution of the lava flow to be
135 km2 and volume 10,8 km3. Sæmundsson (1992) concluded that the Eldborgir lava flow
field covers 200 km2 but does not indicate the volume. Hjartarson 2006 estimates the
volume of the Þingvellir (Eldborgir) lava flow field, with reference to Sæmundsson (1992),
to be 4 km3. Some discrepancy is between these two studies because the volume of the
Þingvellir lava flow field alone is much higher than the Eldborgir lava flow field which is
composed of four lava flow fields including the Þingvellir lava flow field. The volume
6

estimates from previous studies imply the mean thickness for the lava flow field to be 20 m
(Hjartarson, 2006) or 80 m (Sinton et al., 2005). In this study the volume was considered to
be 10.8 km3.
Data gathered from bathymetric maps (Rist, 1958) show 40-90 m high escarpment at
the lava flow front (Sæmundsson, 1992). Due to rapid cooling when the lava flow entered
the lake the flow front rose up and steepened (Thors, 1992). If we assume that the lava
originated somewhere close to Eldborgir crater row it flowed towards west and southwest
and into the lake (Fig. 2).
The age of the Þingvellir lava flow was determined by Kjartansson (1964) and again
by Sinton et al. (2005). These two studies got similar results for the age and that was 9130
± 260 and 9190 ± 65 14C ages respectively.

2.3 Characteristics of pahoehoe lava flows
Pahoehoe is a smooth surfaced variety of basalt lava. Basaltic eruptions initially have high
rate of magma discharge which decreases towards the end of the eruption (Wadge, 1981).
Ongoing eruption at Kilauea volcano, an example of a basaltic eruption, started with
eruptive episodes that had average discharges ranging from 20 m3/s up to 380 m3/s. These
episodes were succeeded by two prolonged periods of continuous effusion at an estimated
discharge of about 3,4 - 5 m3/s. The low discharge periods built an extensive lava shield
that is estimated to be about 90% pahoehoe (Rowland & Walker, 1990). During periods of
low discharge rate (<5-10 m3/s) and little or no fountaining eruptions produce pahoehoe
lavas. It has been suggested that long periods of sustained flow at a low discharge rate,
which forms pahoehoe, are the consequences of a free pathway from deep below the
volcano (Rowland & Walker, 1990). That partly correlates to the idea of Sinton et al
(2005) that magma forming the lava shield of WVZ originated deep below the eruption
site.
The key features in emplacement of pahoehoe lava flows are inflation and internal
pathways. The groundbreaking research of Hon et al. (1994) demonstrated the inflation
process of 20-50 cm thick lobes into sheets many meters thick over a period of weeks. That
research indicated a connection between small pahoehoe lobes and the enormous pahoehoe
sheets that make up flood basalt (Self et al., 1998). A lobe is an individual package of lava
that is surrounded by a chilled crust. Lobes with thickness of 10-50 cm and length from 30
to 100 cm are normally called toes (Self et al., 1997). Toes that form on a low slope
eventually have lateral velocities similar to forward velocities which have the results of the
toes at the flow front merging together. When the toes have merged together they form a
single liquid lava core under a solidified upper crust and form a sheet lobe (Hon et al.,
1994). Sheet lobes can grow hundreds or even thousands of meters wide. Thickness of
sheet lobes ranges from meters to tens of meters (Self et al., 1998). Lava flow built up of
many lobes on the same size scale is termed compound lava flow (Self et al., 1997).
The inflation of flow lobes is a continuous process that starts when adjacent rapidly
advancing flow lobes have coalesced to form a sheet lobe with continuous lava core and an
undisrupted crust (Fig. 4). Inflation of the flow lobes is a result of both expansion of the
lava core and growth of the upper crust. When the crust has reached sufficient strength to
slow down the advance of the flow front and retain incoming lava it inflates. Lava is
constantly being added to the base of the upper crust and earlier additions are removed
from contact with the fluid lava. That eventually causes them to be cooled down to
temperatures of brittle behavior and form crustal joints. As the thickness of the upper crust
increases the rate of inflation declines and maximum thickness of the lava core is reached
7

when the internal hydrostatic pressure is equal to the strength of the crust. All inflation
after that is caused by thickening of the upper crust (Thordarson & Self, 1998). The
uniform uplift of upper crust causes the upper surface of the sheet lobe to be relatively flat,
but the edges of the sheet lobe generally dip 20-40° (Hon et al., 1994).
Lava flows are composed of many sheet lobes and every sheet lobe is divided into
three parts. Internal structures display the threefold division and divide each sheet lobe into
upper crust, lava core and basal crust (Fig. 5). The main characteristics of the upper crust
are high vesicularity and irregular jointing with small joints. It has hypohyaline (50-90%
glass) to hypocrystalline (10-50% glass) textures. Vesicles are usually smaller at the top
than the bottom of the crust and the quantity of vesicles decreases downward. Horizontal
layers of increased vesicularity are normally found in the upper crust. The upper crust is
40-50% of the total flow thickness in most places. Key features of the lava core are very
few vesicles, regular jointing and holocrystalline texture (90-100%). Vesicle cylinders can
be found in the lava core, they are segregated vesicular material with lower density than
the surrounding lava. Because of the low density they rise up towards the upper crust. The
basal crust is hypohyaline and slightly vesicular. The basal crust in thick flows is normally
much less than 10% of the flow thickness (Self et al., 1997). The vesicle structures are
usually the best indicators of the transition boundaries between the crust and the core,
followed by a change in jointing style (Thordarson & Self, 1998).

Figure 4 ‒ A drawing describing the inflation of a pahoehoe sheet lobe. The location of the cross section on
the map is indicated by the dot. (1) Lobe advances from left to right. Upper crust has started to form on the
lobe. (2) The lobe extends and thickens by inflation. The upper crust traps bubbles from the moving lava and
vesicles are formed. (3) New breakout leads to depressurization in the lobe and vesicle formation increases.
Pipe vesicles are formed at the lower crystallization front. (4) The flow stagnates and remaining primary
bubbles rise through the stagnant lava. Abbreviations are as follows; UC: upper crust, HVZ: horizontal
vesicular zone, LC: lava core, BC: basal crust and VC: Vesicle cylinders. From Self et al. (1998).
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By measuring the thickness of the upper crust of each sheet lobe it is possible to estimate
the emplacement time of each lobe. That is done by using the cooling model from Hon et
al. (1994). The model was made with measurements from active lava flows from Kilauea
volcano and Makaopuhi lava lake. The measurements show that the upper crust of sheet
lobes grows continuously while lava flows beneath it. The model used assumes that the
thickness of the crust increases linearly with the square root of time
T= 164,8*C2 (1)
Where t is the time in hours, C is the crustal thickness in meters and 164,8 is an empirically
determined constant (Hon et al., 1994).

Figure 5 – A cross section through an inflated pahoehoe lobe. The lobe has a threefold division into upper
crust, core and lower crust based on vesicle structures, jointing and crystal texture. The upper crust makes
up 40-60% of the lobe and is often with horizontal vesicular zones (VZs) that form during inflation. The core
has very few vesicles, most of them are in the silicic residuum which forms vesicle cylinders (VCs) and
vesicle sheets (VSs). The lower crust has similar vesicularity as the upper crust but it has fewer joints. From
Self et al. (1998).
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2.3.1 Lava Rise Structures
Lava rise structures form in lava flow fields where lava is injected under its own upper
crust and that crust is lifted up because of increasing hydrostatic pressure. Lava rise
structures are especially common where pahoehoe lava flows on gentle slope. Examples of
structures like this are lava rise sutures, lava rise pits, lava inflation clefts and tumuli
(Walker, 2009). Lava rise structures that were identified in the Þingvellir lava flow are lava
rise sutures, lava rise pits and lava inflation clefts.
Lava rise sutures form when sheet lobes thicken towards each other and their edges
become interleaved to each other. The suture represents the parts of the lava lobes that
have interleaved together. The interleaved part is composed of sub horizontal lava plates
that thicken toward the sheet lobes on each side. The surface of the lava plates is glassy
and often striated. The striations are orientated perpendicular to the strike of the suture,
which indicates that the plates where formed as a succession of lateral protrusions from the
sheet lobes on each side (Thordarson & Self, 1998).
The formation of pits is common among lava rises. These pits can form either by
subsidence and then called subsidence pits or collapse depressions. They can also form
when lava surface fails to be elevated. Then the lava surface around the pit rises and leaves
the pit behind (Fig. 6) (Walker, 1991).
Tumuli are commonly formed due to localization of flow along discrete pathways.
That happens during later stages of sheet lobe emplacement (Thordarson & Sigmarsson,
2009). Tumuli usually form mounds or whaleback ridges on most pahoehoe lava flow
fields (Fig. 6). They are characterized by system of axial or radial cracks called clefts
(Walker, 1991). Pahoehoe lava flows also have surface features that are not related to
inflation like ropy festoons. They are formed when lava flows down a sudden topographic
drop. Changes in flux happen when the lava spreads across a flatter and broader area below
the topographic drop. When that happens hot and flexible crust folds together (Hon et al.,
1994).

Figure 6 ‒ Drawing describing the growth of tumulus and lava rise pits. From Walker (1991).
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3 Field observations and methods
3.1 Field observations
Observations in the field were made on a few trips to Þingvellir. A spectacular cross
section of Þingvellir lava is exposed in Almannagjá fault (Fig. 7). Part of the lava flow
field is buried under younger lava flows. The boundaries between the Þingvellir lava flow
and younger lava flows are not clear. According to the study of Sinton et al. (2005) the
Þingvellir lava is exposed in the foot wall of Almannagjá fault. To the east of Almannagjá
the lava flow is covered by younger lava flows. In this study the observations and
measurements were made on a 300 m long section north of the Öxarárfoss waterfall.

Figure 7 ‒ Overview of the Almannagjá foot wall that was measured and described.

3.2 Methods
On site measurements of vesicularity were made for comparison with other measurements.
Vesicularity was estimated with a tape that was glued on the wall and every vesicle on the
boundary line between the tape and wall was measured and the fraction of area occupied
by vesicles was calculated. Dimensions of accessible lobes were measured on site to
support other measurement methods.
Photographic panorama was taken of the foot wall at fixed distance. These
photographs were merged together into a single panel using the photo editing program
GIMP. This photographic panel is presented in appendix A. All of the photographs had
scale on them and it was used to measure the size of the sheet lobes exposed in the wall.
The parameters that were measured are total thickness, length, thickness of upper crust and
thickness of lava core in each lobe. These measurements were used to estimate
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emplacement time of each lobe and determine various dimensions and aspect ratio for the
lava lobes.
Internal structures of the lava lobes were also mapped out using the photographic
panel. Were it was difficult or not possible to determine with desired confidence the type
of structures from the photographic panel, observations were complemented by on site
measurements and documentation. Internal structures that were documented are jointing
style and vesicularity. Jointing style was described from the photographic panel. Joint
spacing and changes in joint patterns were documented. Close up photographs were taken
of accessible lobes for determination of vesicularity in the upper and the basal crust (Fig.
8a). Changes in jointing style and joint spacing were used to determine the boundaries
between upper crust and lava core in lobes that are not accessible for close up inspection.
Vesicularity was determined via two different methods. The first one utilized image
analysis of a binary image. The binary images were made from close up pictures of the
upper crust and basal crust (Fig. 8b). Square areas on the close up photographs were
examined and every vesicle was filled with black color. The image analysis program Image
J was used to estimate the area of vesicles in a binary image made from a close up picture.
The second method included an assemblage of straight lines of fixed length drawn on the
close up photographs (Fig. 8a). Every vesicle on the lines was measured and then
converted into vesicle volume by calculating the fraction (percentage) occupied by vesicles
along the line. This method is straight forward and allows for rapid assessment of
vesicularity and changes therein with height in the lava lobes. All the photos, binary
images and results from these measurements are represented in appendix B.
There are uncertainties in the measurements of the thickness of the upper crust and
vesicularity that need to be taken into consideration. There are acts involved in both
measurement processes that cause uncertainty. Assessment for vesicularity was made from
photographs and vesicles drawn manually, vesicles could have been overlooked or their
size over- or under estimated. Uncertainties in estimates for the thickness of the upper crust
are caused by lack of decision
factors. If jointing style is
exclusively used like was done,
other factors like vesicularity and
petrographic texture are not
involved in the determination
process. These uncertainties in
both assessment of vesicularity
and thickness of upper crust, can
both
cause
overand
underestimation.
Figure 8 ‒ (a) Close up picture of a
upper crust on a sheet lobe An
assemblage of lines is drawn on the
picture. The lines were used to estimate
vesicularity. (b) Binary image of the
same area. All vesicles have been filled
with black color, crystalline lava is
shown as white areas.
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4 Volcanic architecture
4.1 Dimensions of sheet lobes
Total of 23 sheet lobes were described and measured. Those lobes do not cover the
examined section completely, in few places in between the lobes are smaller structures that
cannot be interpreted as lobes. These structures are believed to represent toes or breakouts
from the described sheet lobes.
The section of the lava that was measured is relatively flat topped, therefore the
variations in thickness are minor. The thickness of the wall ranges from 11.5 m up to 14 m.
The bottom of the Þingvellir lava is not visible in the section therefore it is not possible to
state the total thickness of the section. 11.5 m is therefore the minimum thickness of the
lava at this locality.
In the section, the lava is comprised of a minimum of three and up to seven
individual lava lobes. The thickness of individual sheet lobes ranges from 0.7 m to 5.5 m.
The length of the sheet lobes is commonly much greater than their thickness, but that does
not always apply. Length of the lava lobes measured in the section ranges from 4.5 m to
160 m. One sheet lobe stands out in terms of length and is about 110 m longer than the
second longest lobe (Fig. 10). Lobes with length <10 m are present in the highest
frequency and then lobes with length between 35 m and 50 m.
The margins of sheet lobes in the section are of two kinds. Either they have steeply
dipping surface on either side or they are shaped like an elongated wedge that is flattened
out at the end of the lava lobe (Fig. 11). There seems to be a correlation between that the
lobes that have elongated edge fall into the length category of 35 – 50 m and lava lobes
with steeply dipping edges being shorter than 10 m.
4.1.1 Flow direction of sheet lobes
Three features were used to decide the flow direction of every sheet lobe described in the
section. The ratio of length to total thickness of each lobe is estimated, shape of vesicles
and type of edges on the lobes were described. The total thickness/length (ToT/L) value
ranged from 0.034 up to 0.51 (Table 2). ToT/L values smaller than 0.08 are most common
(Fig. 9) and lobes with ToT/L value < 0,016 also have elongated edges. On the other hand
sheet lobes with the ToT/L > 0.016 have steeply dipping edges. Examining these
measurements it becomes apparent that the ToT/L values fall into two groups (Fig. 12).
Group A consists of sheet lobes with ToT/L value < 0.16, elongated edges and stretched
vesicles at the bottom of the upper crust. Group B consists of sheet lobes with ToT/L value
> 0.16 and steeply dipping edges. Shape of vesicles couldn’t be observed for sheet lobes in
group B because they are too high in the cliff for close up inspection. These results indicate
that lobes in group A are cut roughly parallel to their flow direction, while group B lobes
are cut perpendicular to their flow direction (Fig. 12).
Vesicularity is determined up through the upper crust of four lobes and the shape of
the vesicles was described. The vesicle population is typified by millimeter size and
spherical vesicles in the upper half of the upper crust, changing downward into a
population dominated by millimeter- to centimeter size vesicles with more elongate form
in the lower part of the upper crust. Close to the bottom of the upper crust vesicles had on
average three times greater diameter compared to vesicles at the top and many of them
were elongated and stretched. Other features that can infer flow direction of sheet lobes are
e.g. orientation of vesicle cylinders but they are not described in this study.
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Figure 9 ‒ Frequency of total thickness/length (ToT/L) values for lobes within the Þingvellir lava.
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Figure 10 ‒ Frequency distribution for length of sheet lobes.
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Figure 11 ‒ Two types of margins on sheet lobes. (a) An elongated edge where the sheet lobe most likely
flowed parallel to the wall. (b) Sheet lobe with steeply dipping edges which most likely flowed perpendicular
to the wall.
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Length of Sheet lobes [m]

Figure 12 ‒ The relationship between length and thickness of the sheet lobes. The outcrop cut for group A is
roughly parallel to the flow direction for the lobes in questions, while the cut for group B is perpendicular to
the direction of flow.

4.2 Internal characteristics of sheet lobes
The internal characteristics of sheet lobes described in this study were jointing style,
quantity of vesicles and boundaries both between upper crust and lava core and between
basal crust and lava core.
4.2.1 Crust boundaries
Two internal features of the sheet lobes are used to determine the boundaries between the
lava core and the upper crust and basal crust, namely jointing style and vesicularity. The
boundary of the basal crust with the lava core is exclusively based on changes in
vesicularity. For sheet lobes that were not accessible for close up observation, changes in
the jointing style are the principal property used to determine the above mentioned
boundaries.
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Changes in vesicularity gave the most obvious indication of the transition from upper
crust to lava core. The vesicularity of the upper crust faded out as the boundaries to the
lava core came closer. As the boundaries approached the diameter of the vesicles was
greater and their quantity decreased compared to higher in the crust (Fig. 15). Vesicle
cylinders are present in the lava core. They originate at the basal crust to core boundaries
and form due to cooling-induced crystallization. The crystallization leads to volatile
saturation and rise of segregation material. The segregation material is preserved in vesicle
cylinders at the top of the lava core (Sigmarsson et al., 2009). Below the boundaries the
lava core has scattered macroscopic vesicles. The ratio between the thickness of the upper
crust to the total thickness of the sheet lobe is given in Table 2 and spans the range from
0.32 to 0.76 of normalized height in the lobes. Two thirds of those measurements fall
between 0.40 and 0.60 and one sixth between 0.61-0.66 (Table 2). On average the
thickness of the upper crust is 49% of the total lobe thickness.

Figure 13 ‒ (a) A section through one sheet lobe where the threefold division of it is visible. V.c. stands for
vesicle cylinders. The ruler is one meter long. (b) The boundaries between upper crust and lava core. (c) The
basal crust and the bottom part of the lava core.

4.2.2 Jointing style
Columnar spacing and joint patterns were measured and described in the upper crust of
selected sheet lobes. Clear zonation in jointing patterns is observed where most lava lobes
have three distinct zones, each typified by characteristic joint spacing (Fig. 14). The Joint
spacing within the upper crust increases with depth (Table 1). Normally one out of two or
three joints continues into the zone below, the other end abruptly. This pattern continues
into the lava core with the effect that one out of every 6 to 9 flow top joints becomes a
master joint. Average values for joint spacing in zone 1, 2 and 3 are 0.13 m, 0.33 m and
0.74 m respectively (Table 1).
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Table 1 ‒ Joint spacing (J.S.) in sheet lobe. Where joint spacing was measured three distinct zones, each
typified by characteristic joint spacing, were detected. Zone 1 is at the top of the upper crust and zone 3 at
the bottom.

Lobe #
1
2
3
4
5
6
7
8
9
10
11
12
13a
13b
14
15
16
17
18
19
20
21
22
23
Average

J.S. - Zone 1
0,14
0,15
0,25
0,20
0,19
0,10
0,15
0,10
0,08
0,13
0,10
0,10
0,08
0,08
0,12
0,16
0,19
0,10
N/A
0,10
0,12
0,15
0,12
0,11
0,13

J.S. - Zone 2
0,34
0,58
0,35
0,42
0,49
0,27
0,25
0,31
0,21
0,30
0,27
0,27
0,40
0,21
0,35
0,29
0,30
0,29
N/A
0,42
0,25
0,37
0,23
0,30
0,33

J.S. - Zone 3
1,39
2,21
0,56
1,18
0,77
0,60
0,51
0,54
0,51
0,53
0,53
0,53
N/A
0,49
N/A
0,77
N/A
0,63
N/A
0,67
0,51
0,58
0,50
0,50
0,74

Figure 14 ‒ Jointing style of the upper crust and a drawing of the crustal zone. J.S. stands for joint spacing.
Values for columnar spacing are from lava lobe 1. All measurements are accessible in table 1.
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4.2.3 Vesicles
The upper crust and basal crust of every sheet lobe is moderately vesiculated (18-39%).
Direct measurements were made on four accessible sheet lobes. The four lobes have
similar vesicularity as well as similar distribution pattern down through the upper crust
(Fig. 16). Normal size grading of vesicles typifies all the measured lobes. That is larger
vesicles were in the lower part of the upper crust and smaller in the upper part (Fig. 15). In
the upper part, about 65%, of the upper crust vesicles ranged from 1 mm to 15 mm and
they were densely packed. Vesicularity ranged on average from 28% up to 39%. Maximum
value for particular horizons is 46% and the minimum value is 22%. In the lower third of
the upper crust the vesicles have greater diameter (5 mm up to 20 mm) than in the upper
part and were more widely spread. Average vesicularity ranges from 18% up to 24% in the
lower third of the upper crust. The results from the measurements undertaken in the basal
crust indicate an average vesicularity of 23%.
Other observations included horizontal zones of larger vesicles in the upper part of
the upper crust. In the bottom part of the upper crust horizontally elongated vesicles were
found and believed to indicate flow direction of the lava (Fig. 15).

Figure 15 ‒ Above is an upper part of a upper crust where
vesicles are small and densely arranged. Below is the
lower part of the same upper crust where vesicles are
larger than above and more widely spread around. Arrows
point out horizontal zones of larger vesicles.
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Figure 16 – Distribution of vesicles in upper crusts of lava lobes that were accessible for measurements. All
the values used for this diagram are presented in appendix B.

4.3 Lava rise structures
A range of lava rise structures are present within the lava in the section. Gap between lava
lobes no. 4 and 5 was observed. The gap was half full of irregularly jointed lava and may
represent a lava rise pit (Fig. 17).
A bulge with four meter long diameter is on top of lava lobe no. 3. Top of the lava
lobe underneath the bulge is regularly jointed and appears exactly the same on each side of
the bulge (Fig. 18). It is likely that this bulge represents a surface breakout which
originated behind the wall.
At two sites in the section, lobes with irregularly shaped edges are observed. They
are not low aspect ratio lobes, but feature elongate and gently inclined lobe margins. The
dipping edge did not cover the whole thickness of the lobes, irregularly jointed rock
appeared where the dipping edge disappeared. On the other side of the irregularly jointed
rock another lobe with similarly dipping edge appeared (Figs. 19 and 20). Structure like
this was detected at one site in the section, between lobes no. 13L and 13R (Fig. 20). The
area between the lobes is interpreted as a lava rise suture where the lobes inflated side by
side and became interleaved. Between lava lobe no. 17 and lava lobe no.19 an irregular
structure is present. The edge of lava lobe no. 19 could correspond to description of a lava
rise suture but the opposite edge of lava lobe no. 17 is more complicated. The lower part of
it does not seem to interleave with the other side like the upper part seems to do (Fig. 19).
Therefore this structure is interpreted to be either a lava rise suture or a lateral breakout
from the flow front of lava lobe no. 17.
Cracks were observed at the surface of lava lobes that lie on top of the wall. They
were mainly at the edge of the lobes while the rest of the surface was flat and continuous.
The best example of crack like that is on lobe no. 5 (Fig. 17). These cracks are believed to
be inflation clefts that formed when the lobes were inflating. The crust exceeded its
extension limit and the cracks formed.
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Figure 17 - Lava rise pit between lava lobes no. 4 and 5 and an inflation cleft on the edge of lobe no. 5.

Figure 18 - Surface breakout on top of lava lobe no. 3.
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Figure 19 – Structure between lobes no.17 and no.19. Possibly a lava rise suture or a lateral
breakout from lava lobe no.19. Ruler is one meter long.

Figure 20 ‒ Lava rise suture between lobes no.13L and 13R. The suture is marked with black box.
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22

1.03

1.06

2.09

Average

24.83

252.14

258.83
1543.21
559.54
582.36
924.96
436.80
411.09
76.74
102.77
81.65
110.74
12.05
70.13
31.58
52.89
77.71
48.19
276.86
97.71
105.47
73.87
23.51
70.13
22.45

2
3
4
5
6
7
8
9
10
11
12
13R
13L
14
15
16
17
18
19
20
21
22
23

50.03
160.48
44.29
44.52
16.18
38.28
50.47
16.52
9.30
6.90
20.62
4.36
5.55
4.64
7.91
6.44
7.20
37.49
N/A
12.24
15.38
5.13
2.76
4.45

1.08
2.43
1.45
1.65
1.20
1.23
1.21
0.56
2.07
0.39
0.83
0.37
0.59
0.85
1.76
1.00
0.97
1.42
0.55
0.87
1.10
0.54
0.76
0.68

2.33
5.49
3.30
3.53
3.57
2.86
2.79
1.24
2.86
1.09
1.65
0.64
1.24
1.29
2.33
1.68
1.51
2.71
1.32
1.67
1.77
0.92
1.42
1.05

1

1.25
3.06
1.84
1.88
2.37
1.63
1.58
0.68
0.79
0.70
0.82
0.27
0.65
0.44
0.57
0.69
0.54
1.30
0.77
0.80
0.67
0.38
0.65
0.37

Core thicknessLength Emplacement
[m]
[m]
time [h]

Thickness [m] Crust thickness [m]

Lobe #

10.51

10.78
64.30
23.31
24.27
38.54
18.20
17.13
3.20
4.28
3.40
4.61
0.50
2.92
1.32
2.20
3.24
2.01
11.54
4.07
4.39
3.08
0.98
2.92
0.94
0.53

0.46
0.44
0.44
0.47
0.34
0.43
0.43
0.45
0.72
0.35
0.50
0.58
0.48
0.66
0.76
0.59
0.64
0.52
0.42
0.52
0.62
0.59
0.54
0.65

Emplacement Core/tot.
time [d]
thickn.

0.168

0.047
0.034
0.074
0.079
0.221
0.075
0.055
0.075
0.307
0.158
0.080
0.147
0.224
0.278
0.294
0.261
0.210
0.072
N/A
0.136
0.115
0.179
0.512
0.236

ToT/L

A
A
A
A/B
B
A
A
A
B
A/B
A
A
B
B
B
B
B
A
N/A
A
A
B
B
B

Flow
direction

Table 2 ‒ Measurements of various features of the sheet lobes and calculations of emplacement time for each of them. Flow direction A is parallel to the
wall and flow direction B is perpendicular to it.

4.4 Estimated emplacement time
If as proposed here the Þingvellir lava flow field is an inflated pahoehoe lava flow field
composed mostly of pahohoe lobes is accepted, then we can estimate the emplacement
time of the lava flow and the eruption rate in a systematic manner. The boundaries between
the lava core and the upper crust mark the time when the lava flow became stagnant under
the crust (Thordarson & Self, 1998). The cooling model of Hon et al (1994) that was
described in chapter 2.3 is used to estimate the emplacement time.
To make it possible to estimate the duration of the eruption, volume and area of the
section measured had to be estimated. The length of the section is 300 m and the width is
estimated to be 250 m. According to that the total area covered by lava lobes in the section
measured was estimated to be 0.075 km2. Sinton et al. (2005) measured the total area of the
Þingvellir lava as 135 km2. That makes the area measured in this study 0.056% of the total
area of the Þingvellir lava.
The number of lava lobes stacked on top of each other ranges from three to seven.
The sum of emplacement times for the lava lobes is estimated to be equal to emplacement
time of the vertical thickness of the section. It is assumed that the lava lobes stack up with
no time gap in between. Emplacement time for the vertical thickness was measured in
three parts of the section, the results are accessible in Table 3. The average emplacement
time from those measurements was around 83 days. Since the studied area was estimated
0,056% of the total area the total emplacement time of the lava is estimated to be around
400 years. That duration gives an average eruption rate of 0.84 m3/s.
Table 3 ‒ Estimated emplacement time for 3 vertical sections.

Vertical
section 1
Lobe 1
Lobe 2
Lobe 3

Emplacement
time [d]
10,78
64,30
23,31

98,39
Total
Average
emplacement
Time [d]

Vertical
section 2
Lobe 17
Lobe 15
Lobe 2
Lobe 4

Emplacement
time [d]
11,54
3,24
64,30
24,27

103,35

Vertical
section 3
Lobe 7
Lobe 8
Lobe 12
Lobe 9
Lobe 13R
Lobe 6

Emplacement
time [d]
17,13
3,20
0,50
4,28
2,92
18,20
46,23

82,66
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5 Discussions
5.1 Inflation
Various structures implying inflation are present in the studied section of the Þingvellir
lava. These structures are both surface and internal structures. The absence of a rubbly
flow top and/or flow base clarifies that the lava is not a’a lava. Starting with internal
structures that indicate that the lava is inflated pahoehoe, the threefold division of sheet
lobes in the section is a good starting point. If a lava lobe consists of a vesicular upper
crust with spherical vesicles, dense lava core and a thin vesicular basal crust it is possible
to identify it as an inflated sheet lobe. A dense lava core, which was found in every lava
lobe that was measured, is a clear evidence for inflation. Thickness of the vesicular upper
crust is used to distinguish between rapidly emplaced ponded lava flows from inflated
flows. Thickness of the upper vesicular crust in a pahoehoe flow is almost invariably 4060% of the total flow thickness (Self et al., 1998). In this study thickness of the surface
crust was on average 49% of total thickness of each lava lobe.
In the crustal zone are uneven and compact joints, they are formed in the brittle part
of the upper crust. Jostling of the upper crust during inflation causes the joints to become
uneven. When the lava stagnates the lava core cools slowly in a homogenous stress field.
Because of that only one out of two to three crustal joints continues to grow as a columnar
joint (Thordarson & Self, 1998).
Surface structures that indicate inflation of the lava are also present in the studied
section. Lava rise structures, steeply dipping edges of lava lobes, and surface breakouts are
all surface structures that indicate inflation. Examples of all those structures were
described in the section that was studied. The lava rise suture between lobes no. 13L and
13R, the lava rise pit between lobes no. 4 and 5 and the inflation cleft on the edge of lobe
no. 5 are all examples of lava rise structures which indicate that inflation was operating
during the formation of the lobes. A bulge and its contact with the underlying sheet lobe
no. 3 indicate that it is a surface breakout which is typical structure of inflated pahoehoe
lava flows. The internal structure of the sheet lobes and their surface structure collectively
proof that the section studied in the Þingvellir lava represents inflated pahoehoe lava.
The above descriptions of internal- and surface structures of the Þingvellir lava are
strikingly similar to other inflated pahoehoe lava flows around the world. The threefold
division of the sheet lobes and internal characteristics are analogous to pahoehoe lava at
Hawaii, in Western USA and other lava flow fields in Iceland regardless of size and
volume of the flow field (Hon et al., 1994; Self et al., 1998; Thordarson & Self, 1998).

5.2 Distribution of vesicles
Distribution of vesicles was measured in the upper crust of four sheet lobes. The pattern
reaches the highest values at two places, at the top of the crust and around the central part
of it. At the bottom and the upper part the distribution reaches minimum values (Fig. 16).
Normal size grading of vesicles was observed, that is size of vesicle decreased upward in
the upper crust. On the other hand vesicularity decreased downward in the crust.
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Lava in a sheet lobe is under pressure generated by the flow thickness and the tensile
strength of the crust that is retaining lava at the flow front. Surface breakouts originating in
the pressurized lava core have vesicle distribution that indicates over pressurized
environment within inflating sheet lobes. Vesicles in the breakout have considerably small
diameter (0.5 ± 0.2 mm) compared to vesicles in upper crust of sheet lobes (Hon et al.,
1994).
When advance of a sheet lobe is obstructed and the lava is pushing the crust forward,
internal pressure is maximized. When a breakout is formed the hydrostatic pressure in the
lava decreases simultaneously. The breakouts cause the lava to advance continuously and
hydrostatic pressure is minimized. If hydrostatic pressure is decreased in lava, vesicles can
form. The vesicles form from dissolved gas that comes out of solution from the lava
(Francis, 1996). Top of the lava vesiculates due to sudden drop in hydrostatic pressure
caused by the breakout. The vesicular lava at the top has higher viscosity and yield strength
than the dense lava underneath it (Hon et al., 1994). Therefore it sticks to the base of the
upper crust, then gets lifted away from the flowing lava via inflation, cools down and
forms vesicular lava. Over pressurized state is reinstated when the breakout has been
sealed and formation of vesicular lava decreases significantly. That is represented by
minimum vesicularity right above the center of the crust.
Distribution of vesicles in the upper crust of sheet lobes in the Þingvellir lava is
believed to reflect the process described above. Variations in vesicle size and quantity of
vesicles are suspected to record pressure fluctuations caused by breakouts (Hon et al.,
1994). It is suggested that the horizons with the highest vesicularity in the upper crust are
formed when hydrostatic pressure in the lava drops. The high quantity of vesicles in the top
of the crust could represent the first breakouts. Vesicularity decreases again when
breakouts are sealed and hydrostatic pressure increases again. New breakouts occur after
that and the high quantity of vesicles around the center of the crust possibly represents
increased vesicle production due to the new breakouts.

5.3 Volcanic architecture of the Þingvellir lava
The exposure examined in this study shows lava lobes of various dimensions. 23 lobes
were measured and described, they were divided into two groups based on type of margins
and aspect ratio. It was indicated that lobes in group A were cut roughly parallel to their
flow direction while the lobes in group B were cut roughly perpendicular to their flow
direction. The different cut of the sheet lobes in the wall gives important information about
the overall construction of the lava. Sheet lobe no. 2 shows a good example of an elongated
margin that could represent the advancing front of the lobe (Fig. 21). That supports the
idea of flow directions of the sheet lobes and that sheet lobe no. 2 is cut parallel to its flow
direction. That indicates that sheet lobes are usually much longer than thick and spread
over significant area.
In between the described sheet lobes are smaller and irregular structures that could
not be interpreted as lobes. Parts of these structures are lava rise structures and those who
are not represent possibly breakouts and toes that did not transform into sheet lobes.
Collectively the internal and surface structures of the sheet lobes along with their
geometric arrangements represent the volcanic architecture of the Þingvellir lava exposed
in the studied section. The examinations indicate that this part of the lava is composed
mostly of sheet lobes along with other structures such as lava rise structures and breakouts.
When the lava was constructed the sheet lobes initially grew much faster laterally
than vertically, that resulted in great areal distribution. When lateral growth decreased
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because of slow advancing flow front inflation initiated vertical growth of the sheet lobes.
Due to continuous flux of lava, breakouts formed at the flow front and along the margins
of the sheet lobes (Hon et al., 1994). A part of these breakouts were fed with more lava and
eventually transformed into sheet lobes. This way the Þingvellir lava flow field was
possibly formed and slowly covered the preexisting topography.

5.4 Emplacement time
Estimated emplacement time of 400 years, attained from the thickness of upper crust of
sheet lobes in the examined section, contains various error factors. To estimate the
emplacement time accurately a lot more work needs to be done. The section studied was
only 0.056% of the total area. One sheet lobe covers a vast part of the studied area and has
a great impact on the calculations. Estimated emplacement time for that one lobe is higher
than for a whole vertical section composed of smaller lobes (Table 3). Vertical sections
that include the large sheet lobe have roughly double emplacement time compared to
section composed of smaller lobes. If the total volume of the lava has comparatively less
sheet lobes of similar size as the biggest sheet lobe measured, that would cause the
emplacement time to be overestimated. The thickness of the lava is not accurately known
where the section is measured. Therefore large uncertainties are embedded in the ratio
between the volume of the studied section and the volume of the Þingvellir lava flow field.
Therefore the number 400 years should be taken as an indicator of extremely long duration
for the eruption rather than actual emplacement time for the lava.
The ongoing Pu’u’O’o – Kupaianaha eruption at Kilauea volcano has been going on
for more than 30 years. It has produced a pahoehoe flow field that covers 125.5 km 2 and
has a volume of 4 km3 (Orr et al., 2013). The chemical and physical attribute of Þingvellir
lava is strikingly similar to that of Pu’u’O’o ‒ Kupaianaha. The lavas are both of basaltic
composition and are morphologically similar. Steeply dipping edges on sheet lobes are
present in both of the lavas and inflated sheet lobes with threefold division into upper crust,
lava core and basal crust are present at both sites (Hon et al., 1994).
If the Þingvellir lava eruption was formed by an eruption with similar average
discharge as the Pu’u’O’o – Kupaianaha eruption, 4 m3/s, then it would have taken 80
years to form it (Table 4). If it was formed at its maximum (18 m3/s) and minimum (0.4
m3/s) eruption rates then it would have taken 19 and 856 years, respectively (Sutton et al.,
2003).
Table 4 ‒ Values for selected parameters of the ongoing eruption at Kilauea (Orr et al., 2013) and the
Þingvellir lava (Sinton et al., 2005). The latter two columns represents the emplacement time of the
Þingvellir lava with assumed eruption rate.

Area
Volume
Duration

Kilauea
125,5 km2
4 km3
30 years

Þingvellir lava
135 km2
10,8 km3
406 years

Þingvellir lava
135 km2
10,8 km3
80,9 years

Eruption rate

4,23 m3/s

0,84 m3/s

4,23 m3/s

Þingvellir lava
135 km2
10,8 km3
68,4 - 100,6
years
3,4 – 5 m3/s

Thordarson & Sigmarsson (2009) propose that monogenetic pahoehoe lava shields in
Iceland are scaled up versions of the Surtsey lava shields. Two lava shields formed in the
eruption of Surtsey in 1963-1967. The Surtsey lava shields are divided into a lava cone and
a lava apron. The lava cones were constructed first during periods of relatively high
magma discharge and vigorous lava lake activity. Magma discharge during the apron
27

construction was 5 m3/s. The level of the lava lake dropped below the rims during the
construction of the apron. During that stage flow of lava reached the flow front via internal
pathways. When it emerged from the pathways it formed a series of lava lobes or sheet
lobes that inflated (Thordarson & Sigmarsson, 2009). Rossi (1996) identified three
categories for Icelandic lava shields based on the lava cone slope-profile. These categories
are defined by two end-member types and one of them is a very low profile shield typified
by <2° sloping flanks and large lava apron. That type corresponds to the description of
Sæmundsson (1992) for the Þingvellir lava.
Collectively the formation of the lava shields in Surtsey and the ongoing Pu’u’O’o –
Kupaianaha eruption give us an idea of how the discharge could have changed with time
during the eruption of the Þingvellir lava. Evidence suggesting inflation of the lava has
been stated and they imply that it was emplaced in a similar manner as a lava apron on lava
shields and the inflated sheet lobes at Pu’u’O’o – Kupaianaha. Discharge during
construction of lava aprons is low, probably <10 m3/s and was 5 m3/s during construction
of a lava apron in the Surtsey eruption (Thordarson & Sigmarsson, 2009). Periods during
the ongoing Pu’u’O’o – Kupaianaha eruption had an estimated average discharge of about
3.4-5 m3/s (Rowland & Walker, 1990).
If it is assumed that average discharge during the emplacement of Þingvellir lava was
similar to the discharge at Pu’u’O’o ‒ Kupaianaha it is possible that discharge of 0.84 m3/s
is close to the minimum discharge of the eruption. If it is assumed that the section
measured in this study was emplaced during the final part of the eruption when the
discharge rate was minimized or during a period of low magma discharge, it could be more
realistic to assume that the average eruption rate of the Þingvellir lava was closer to 3.4-5
m3/s. If that is closer to the correct value the emplacement time is around 70 – 100 years.
Two approximations have been made for the duration of the eruption of the
Þingvellir lava flow field. One is a comparison to inflated pahoehoe lava flows with known
eruption rate and the other is a measurement of sheet lobes in the Þingvellir lava and model
calculations. Results from the model calculations indicate low eruption rate which is close
to minimum eruption rate of similar eruptions. If an eruption rate of 0.84 m3/s and the cross
sectional area of sheet lobe no. 4 in the section, which is 75 m2, are used to find out
velocity of the lava in that particular sheet lobe the resulting velocity inside the sheet lobe
is 0.01 m/s. This estimation assumes that all the lava is flowing through this one sheet lobe
and therefore the actual velocity would be much lower with this eruption rate. Therefore it
is rather unlikely that the estimated eruption rate could have formed sheet lobes of the size
that are found in the studied section.
The results for the emplacement time should not be taken literally. This study is only
a small part of what needs to be done to estimate accurately the emplacement time of lava
with volume of this magnitude. The results however are a strong indicator for the time
scale of the eruption. They infer that the time scale is close to hundred years. To get more
precise results bigger area needs to be examined, a lot more measurements and thickness of
the upper crust needs to be measured directly.
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6 Conclusions
The data published in this paper allows few facts to be inferred. It is suggested that the
relationship between length and thickness of lava lobes in the cross section indicates if they
were cut parallel or perpendicular to their flow direction. Those indications along with
internal and surface structures of the lava lobes give valuable information for the
construction of the Þingvellir lava flow field. It is suggested that the Þingvellir lava is
composed mostly of sheet lobes along with lava rise structures, smaller breakouts and
pahoehoe toes.
The data presented here is evidence for the mode of emplacement for the Þingvellir
lava flow field. Following facts imply that the sheet lobes of Þingvellir lava are inflated
lava lobes. Vesicle patterns show fluctuations in pressure inside the lava lobes caused by
breakouts, uneven joints in crustal zone and numerous lava rise structures have been
identified. Collectively these facts strongly indicate that the Þingvellir lava has grown via
inflation. Also the threefold division into upper crust, lava core and basal crust applies to
every lava lobe described in the study. This structure is a useful criterion for identifying
prehistoric lava flows that grew by inflation (Thordarson & Self, 1998).
The model for emplacement time of Hon et al. (1994) was applied to the results from
measurements of the lava lobes. The results from the model calculation gave a total
emplacement time for Þingvellir lava of 400 years and eruption rate of 0.84 m3/s. If it is
assumed that eruption rate of 0.84 m3/s is close to the minimum discharge rate and average
rate was similar to eruption rate of equivalent lavas with known eruption rate of 3.4-5 m3/s
the emplacement time for the Þingvellir lava is 70-100 years. That result is not precise but
is a good indicator for the time scale of the eruption and it is possible to state that the
duration of the eruption is on the time scale of hundred years.
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Appendix A
On following pages is a panoramic picture of the section that was studied. Identified lava
lobes are numbered in the order they were measured. Outlines of each lava lobe are marked
with black lines. The pictures are from SW to NE respectively. Vertical black lines
represent area where measurements were made.
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Figure 21 ‒ Panorama picture of the wall that was studied
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Appendix B
Following is data from image analysis of close up pictures of lava lobes. Close up pictures
were taken of four lava lobes. The data comprises binary images used for quantitative
analysis of vesicles, results from image analysis of the binary images and picture of the
upper crust of each lava lobe which shows where the binary image were made.

Data from lava lobe no.1

Figure 22 ‒ The upper crust of lava lobe no.1. Black boxes indicate where the
binary pictures were made. Height of each box is 10 cm. Vesicles inside the boxes
have been filled with black color. Boxes are numbered from 1-6, starting from the
top.
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Figure 23 ‒ Binary image of box no.1 on fig. 22.

Figure 24 ‒ Binary image of box no.2 on fig. 22.
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Figure 25 ‒ Binary image of box no.3 on fig. 22.

Figure 26 ‒ Binary image of box no.4 on fig. 22.
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Figure 27 ‒ Binary image of box no.5 on fig. 22.

Figure 28 ‒ Binary image of box no.6 on fig. 22.
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Table 5 ‒ Results from quantitative analysis of vesicles on the upper crust of lava lobe 1.

Box #

Normalized
upper crust

1
2
3
4
5
6

0,08
0,25
0,41
0,57
0,73
0,89

0

10

depth

Quantity of vesicles [%]
20
30

in Quantity of vesicles [%]
30,04
37,04
35,54
39,16
23,13
21,34

40

50

Normalized depth in upper crust

0,00
0,10
0,20
0,30
0,40

Lava lobe 1 (boxes)

0,50
0,60
0,70
0,80
0,90
1,00

Figure 29 ‒ Diagram showing quantitative analysis of vesicles from binary images of lava lobe no.1.
Table 6 ‒ Result from quantitative analysis of vesicles with line measurements on the upper crust of lava lobe
1.

Line #
1
2
3
4
5
6
7
8
9
10
11

Normalized depth in upper Quantity of vesicles [%]
crust
0,08
32,54
0,15
31,91
0,25
30,77
0,33
28,90
0,41
22,35
0,49
29,31
0,57
40,96
0,65
36,07
0,73
18,71
0,81
21,62
0,89
24,74
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0,00

10,00

Quantity of vesicles [%]
20,00
30,00

40,00

50,00

Normalized depth in upper crust

0,00
0,10
0,20
0,30
0,40

Lava lobe 1

0,50
0,60
0,70
0,80
0,90
1,00

Figure 30 – Diagram showing quantitative analysis of vesicles with line measurements on the upper crust of
lava lobe no.1.

Figure 31 – Basal crust of lava lobe 1. Black boxes indicate where the binary pictures were made. Vesicles
inside the boxes have been filled with black color. Boxes are numbered from 1-2 from left to right.
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Figure 32 ‒ Binary image of box no. 1 on fig. 31.

Figure 33 - Binary image of box no. 2 on fig. 31.
Table 7 ‒ Result from quantitative analysis of vesicles with line measurements on the basal crust of lava lobe
no.1

Box #
1
2

Quantity of vesicles [%]
23,57
23,78
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Data from lava lobe no.7

Figure 34 ‒ Composed picture of the upper crust of lava lobe no.7. Black lines represent areas where
quantitative analysis of vesicles was made.
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Table 8 ‒ Result from quantitative analysis of vesicles with line measurements on upper crust of lava lobe
no.7

Line #

Normalized depth in Quantity of vesicles [%]
upper crust
0,10
39,63
0,19
35,24
0,29
35,11
0,35
33,51
0,50
28,86
0,57
38,16
0,67
28,46
0,76
24,87
0,86
12,63

1
2
3
4
5
6
7
8
9

0,00

10,00

Quantity of vesicles [%]
20,00
30,00

40,00

50,00

Normalized depth in upper crust

0,00
0,10
0,20
0,30
0,40

Lava lobe 7

0,50
0,60
0,70
0,80
0,90
1,00

Figure 35 ‒ Diagram showing quantitative analysis of vesicles with line measurements on the upper crust of
lava lobe no.7.
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Data from lava lobe no.17

Figure 36 ‒ Upper part of the upper crust on lava lobe no.17. Areas where vesicle measurements were made
are marked with black lines.
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Figure 37 ‒ Lower part of the upper crust on lava lobe no.17. Areas where vesicle measurements were made
are marked with black lines.
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Table 9 ‒ Result from quantitative analysis of vesicles with line measurements on the upper crust of lava lobe
no.17.

Line #

Normalized depth in Quantity of vesicles [%]
upper crust
0,55
36,85
0,62
23,06
0,68
26,05
0,76
14,79
0,84
18,58

1
2
3
4
5

0,00

10,00

Vesicles [%]
20,00

30,00

40,00

Normalized depth in upper crust

0,00
0,10
0,20
0,30
0,40

Lava lobe 17

0,50
0,60
0,70
0,80
0,90
1,00

Figure 38 ‒ Diagram showing quantitative analysis of vesicles with line measurements on the upper crust of
lava lobe no.17.
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Data from lava lobe no.18

Figure 39 ‒ Composed picture of the upper crust of lava lobe no. 18. Black lines represent area quantitative
analysis of vesicles was made.
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Table 10 ‒ Result from quantitative analysis of vesicles with line measurements on the upper crust of lava
lobe no.18.

Line #

Normalized depth Quantity of
in upper crust
vesicles [%]

1
2
3
4
5
6

0,13
0,26
0,39
0,47
0,70
0,78

0,00

10,00

39,09
33,28
22,45
27,23
41,33
18,67

Vesicles [%]
20,00
30,00

Quantity of
vesicles Direct
measurements
[%]
46,12
37,5

19,18

40,00

Quantity of
vesicles.
Average
[%]
42,61
33,28
29,98
27,23
41,33
18,93

50,00

Normalized depth in upper crust

0,00
0,10
0,20
0,30
0,40

Lava lobe 18

0,50
0,60
0,70
0,80
0,90

Figure 40 ‒ Diagram showing quantitative analysis of vesicles with line measurements on the upper crust of
lava lobe no.18.
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Summary of measurements of upper crust
Table 11 ‒ Results from calculations of average quantity of vesicles on the upper crust of lava lobes no.1, 7,
17 & 18.

Normalized depth in upper crust
0,08
0,15
0,25
0,33
0,41
0,49
0,57
0,65
0,73
0,81
0,89

0,00

10,00

Quantity of vesicles on average [%]
34,07
36,59
34,05
31,20
29,29
28,47
38,78
29,20
26,82
18,45
19,32

Vesicles [%]
20,00
30,00

40,00

50,00

Normalized depth in upper crust

0,00
0,10
0,20
0,30
0,40

Average

0,50
0,60
0,70
0,80
0,90
1,00

Figure 41 ‒ Diagram showing the average of the results from quantitative analysis of vesicles on the upper
crust of lava lobe no.1, 7, 17 & 18.
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