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One of the tenets in paleomagnetism is that perturbations of the ground magnetic field due to magnetospheric or ionospheric current systems are too small to leave a detectable paleomagnetic signature in lava flows. As suggested by recent work in paleomagnetosphere modeling, however, external field perturbations may be significantly enhanced during periods of transitional field behaviour, particularly when the dipole-field axis is strongly tilted towards the equator, which then leads to an extremely dynamic magnetosphere on the diurnal time scale even for quiet solar wind conditions. We here demonstrate that thin (rapidly cooled) lava flows (∼ 50 cm thick) with high magnetic blocking temperatures (within ∼ 50 -100 • C below the Curie temperature) indeed have the potential to record such diurnal perturbations. Further, an experimental protocol is suggested to paleomagnetically extract these perturbations. Our proof-of-concept is based on numerical modelling of thermoremanence (TRM) acquisition and simulation of thermal demagnetization surfaces for discrete temperature steps in function of vertical position in the flow. The TRM direction recovered at a given thermal demagnetization step varies with vertical position in the flow and reflects the wave form of the external field variation. Characteristically, the vertical position of a captured signal changes systematically with unblocking temperature, which reflects the oblique orientation of cooling isochrons, along which the signals are blocked. The signals have their largest amplitudes at the maximum unblocking temperatures, but decay away at lower temperatures. It is by these systmatic trends that external field perturbations, if trapped, can be

Introduction

High-resolution paleomagnetic records have provided detailed insight into the spatio-temporal behavior of the main field during the last polarity transition [START_REF] Valet | Paleointensity variations across the last geomagnetic reversal at La Palma, Canary Islands, Spain[END_REF][START_REF] Clement | Dependence of the duration of geomagnetic polarity reversals on site latitude[END_REF][START_REF] Singer | Structural and temporal requirements for a geomagnetic field reversal deduced from lava flows[END_REF] and during the most recent geomagnetic excursions [START_REF] Lund | Deep-sea 15[END_REF][START_REF] Channel | Late Brunhes polarity excursions (Mono Lake, Laschamp, Iceland Basin and Pringle Falls) recorded at ODP Site 919 (Irminger Basin)[END_REF][START_REF] Laj | Geomagnetic field behavior during the Iceland basin and Laschamp geomagnetic excursions: A simple transitional field geometry?[END_REF]. The decent spatial coverage of these events by well-dated high-quality paleomagnetic records has made it possible for the first time to reconstruct the evolution of the global main-field morphology across the last reversal (780 ka) and the Laschamp excursion (∼ 41 ka) [START_REF] Leonhardt | Paleomagnetic reconstruction of the global geomagnetic field evolution during the matuyama/brunhes transition: Iterative bayesian inversion and independent verification[END_REF][START_REF] Leonhardt | Geomagnetic field evolution during the Laschamp excursion[END_REF]. For example, at the climax of the last reversal, when the axial-dipole field reversed sign, the strongly diminished surface field was dominated by contributions from the quadrupolar and equatorial dipole terms [START_REF] Leonhardt | Paleomagnetic reconstruction of the global geomagnetic field evolution during the matuyama/brunhes transition: Iterative bayesian inversion and independent verification[END_REF]. It was already realized in the mid-1970s that such a transitional field configuration would generate a qualitatively different magnetosphere that produces large-scale daily perturbations of the ground field [START_REF] Siscoe | Auroral zones in a quadrupolar magnetosphere[END_REF][START_REF] Saito | The earth's paleomagnetosphere as the third type of planetary magnetosphere[END_REF]. [START_REF] Siscoe | The paleomagnetosphere[END_REF] estimated that even a reduced, but still axial-dipole dominated main-field would lead to more frequent and stronger magnetic storms. The effect of variations in axial-dipole strength on the external field contributions was recently explored in more detail on the basis of scaling relationships and the assumption of a present-day field geometry [START_REF] Vogt | Modelling the paleomagnetosphere: Strategy and first results[END_REF][START_REF] Glassmeier | Concerning long-term geomagnetic variations and space climatology[END_REF]. The strongest effect here was predicted for the equatorial electrojet (EEJ) system, the strength of which decreases with decreasing magnetic dipole moment M only as M -2/3 [START_REF] Glassmeier | Concerning long-term geomagnetic variations and space climatology[END_REF], which implies that its relative strength increases with decreasing internal field. Since the EEJ is confined to a narrow latitudinal band about the geomagnetic equator, the associated effects therefore are not expected to be seen worldwide. If, however, Page 3 of 23 A c c e p t e d M a n u s c r i p t the dipole axis comes to lie in the equator plane, then drastic diurnal perturbations can be expected [START_REF] Saito | The earth's paleomagnetosphere as the third type of planetary magnetosphere[END_REF]. In such a scenario, as shown by state-of-the-art magnetohydrodynamic (MHD) simulations [START_REF] Zieger | Magnetohydrodynamic simulation of an equatorial dipolar paleomagnetosphere[END_REF], the magnetosphere reconfigures on the diurnal time scale, particularly its openness varies over the course of the day, which entails a regular diurnal variation of a number of phenomena like substorms, geomagnetic activity, etc, even under solar quiet conditions. MHD calculations for non-dipolar transitional field topologies [START_REF] Vogt | MHD simulations quadrupolar paleomagnetospheres[END_REF]) also predicted a continuously changing, highly dynamic magnetosphere.

Taken together, these results suggest that ground-field perturbations of external origin can be expected to be significantly enhanced and to occur on diurnal time scales during transitional field states that deviate strongly from the axial dipole configuration. As such, they would have an effect on the thermoremanence recorded in rapidly cooled lava flows. It is an altogether different question whether enhanced external perturbations can be identified at all by means of paleomagnetic techniques. Before we present our solution to that paleomagnetic challenge further below, we give a short review of the Steens Mountain controversy, the only case in the paleomagnetic literature where external perturbations were taken into consideration to explain the observed rapid movements of virtual geomagnetic pole (VGP) positions.

The Miocene Steens Mountain lava sequence provides one of the most detailed records of transitional field behavior. [START_REF] Mankinen | The Steens Mountain (Oregon) geomagnetic polarity transition; 1. Directional history, duration of episodes, and rock magnetism[END_REF] found evidence of astoundingly rapid angular changes (50 • /yr) in transitional VGP position, referred to as 'geomagnetic impulses' (Prévot et al., 1985a) or 'transitional impulses' [START_REF] Coe | Evidence suggesting extremely rapid field variation during a geomagnetic reversal[END_REF]. The first impulse occurred during a complete polarity reversal, the second and third one during a normal-transitionalnormal rebound after the reversal. A reinvestigation of flow B51, in which the first impulse was suspected, showed that the observed variations in remanence direction along a vertical profile in the flow reflected a thermochemical overprint due to the overlying flow (Camps et al., 1995a,b). However, there was no evidence of any thermochemical overprint in the remanence of flow A41-2, which contained the second impulse. Using a numerical cooling model to assign a time-temperature pair to each vertical position in the flow, Camps et al. (1995a,b) calculated change rates of 4 • -8 • per day for the second impulse. In a later reinvestigation of the critical parts of the Steens mountain record, previous evidence for rapid field changes in the transitional record was essentially corroborated [START_REF] Camps | Transitional geomagnetic impulse hypothesis; geomagnetic fact or rock-magnetic artifact?[END_REF].

The origin of the rapid field changes was controversially discussed and still remains enigmatic for the lack of present-day analogues of comparable magnitude. A geomagnetic jerk may bear the comparison with rapid field impulses as far as the time scales are concerned, but falls short of explaining the magnitude of the changes. By analogy with the famous 1969 jerk in secular variation A c c e p t e d M a n u s c r i p t [START_REF] Courtillot | Recent acceleration in the secular variation of the earths magnetic-field[END_REF][START_REF] Mizuno | Abrupt change in secular variation rate of geomagnetic north component observed in japan[END_REF], which was shown to be of internal origin [START_REF] Malin | Was the 1970 geomagnetic jerk of internal or external origin[END_REF], Prévot et al. (1985b) consider the transitional impulses as impulses of the first-order time derivative of the field, due to large and possibly global changes of the (internal) magnetic-field configuration with time constants of the order of 1-2 yr. [START_REF] Coe | New evidence for extraordinarily rapid change of the geomagnetic field during a reversal[END_REF] proposed a highly energetic magnetic field perturbation in the outer core, of dodecapolar order (spherical harmonic degree n = 6) or higher with a period of 7 days. Shorter periods or lower-degree harmonics of the same period would be screened out effectively by the electrically conducting lower mantle [START_REF] Merrill | Geomagnetism; principle of least astonishment[END_REF].

A completely different viewpoint was put forward by [START_REF] Ultré-Guérard | Core flow instabilities and geomagnetic storms during reversals; the Steens Mountain impulsive field variations revisited[END_REF], arguing that the ambient field variations recorded in Steens Mountain flow A41-2 were unlikely to be of internal origin but rather caused by externalfield perturbations. The rationale goes back to the proposition by [START_REF] Siscoe | The paleomagnetosphere[END_REF]: As the internal field is weakened, the magnetosphere shrinks and so delivers stronger external fields to the Earth's surface. In combination with a reduced internal field, strong external perturbations, for example due to a large magnetic storm, may well give rise to local large-intensity variations as observed in flow A41-2 [START_REF] Starchenko | Inversionnaya magnitosfera. (inverse magnetosphere)[END_REF]. However, as [START_REF] Jackson | Geomagnetic fields; storm in a lava flow?[END_REF] points out, the directional jump observed in A41-2 can only be explained by assuming a rather improbable coincidence of the direction produced by the magnetic storm and the post-jump direction, which are physically unrelated. Nevertheless, the possibility that external field perturbations may be paleomagnetically captured in a rapidly cooling lava flow is worthwhile exploring. As we shall show below, however, the paleomagnetic identification of such signals requires a sampling and measurement strategy which goes far beyond the usual paleomagnetic method.

2 Towards identifying variations of external origin: Preliminary considerations To obtain detailed transitional records and to demonstrate their fidelity is already at the limits of paleomagnetism [START_REF] Fuller | Palaeomagnetism; fast changes in geomagnetism[END_REF]. These limits are further stretched when it comes to reconstructing fast field changes from directional changes within an individual lava flow: The usual palaeomagnetic method of assessing the fidelity of the obtained direction, that is, calculation of 95% confidence limits about a flow-mean VGP from several samples randomly distributed over the flow, would average out not only random, but also systematic variations of remanence direction with depth due to an external field variation.

On the basis of our theoretical analysis below, we show that palaeomagnetic direction has to be extracted as a function of both unblocking temperature and vertical position within the flow in order to identify systematic variations in remanence if recorded in the flow.
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In the following, we explore the conditions under which external field variations can be trapped in a cooling lava sheet in order to derive some preselection criteria for candidate flows. We then model acquisition of thermoremanence (TRM) for a vertical profile of a lava flow cooling under diurnal field variations and numerically simulate continuous thermal demagnetization curves. This will help us to devise and optimise the sampling strategy and measurement protocol.

Cooling scenario

A lava sheet of thickness D and solidus temperature T 1 is emplaced upon an old flow at time t = 0. The depth coordinate z is positive downward, its zero is defined by the upper surface of the flow. The temperature above the flow (z < 0) is T 0 (air), the initial temperature below the flow (z > D) is T 0 (old flow). Provided that the extension of the flow in x and y direction is much larger than the thickness, we can obtain the cooling history (away from the edges) by solving the one-dimensional heat equation,

∂T (z, t) ∂t = -κ ∂ 2 T (z, t) ∂z 2 (1)
where κ is the thermal diffusivity, which for rocks is ∼ 10 -6 m 2 /s. A generic solution to Eq. 1 has the form erf(z/ √ 4κt), where √ κt is the characteristic thermal diffusion length. The special solution now depends on the boundary conditions. We assume that heat from the basal part of the flow is transmitted by conduction into the underlying rock and that the surface of the flow is isothermal, that is T (z = 0) = T 0 for all t > 0. The prescribed temperature at the surfaces implies that heat is efficiently transported away from the surface (such as by convection). With this, the solution to Eq. 1 writes

Θ(z > 0, t) = T -T 0 (T 1 -T 0 ) = erf z 2 √ κt - 1 2 erf z -D 2 √ κt + erf z + D 2 √ κt .(2)
The first term describes the temperature diffusion due to an infitetely thin layer of excess temperature T 1 -T 0 emplaced at t = 0. The second term accounts for the finite thickness of the flow and satisfies the boundary condition that the intitial contact temperature at the interface z = D shall be (T 1 -T 0 )/2, where we assume that lava flow and underlying rock have the same thermal effusivity. The third term in Eq. 2 is introduced to satisfy the boundary condition that the flow surface be isothermal. It thus exactly cancels out the second term at z = 0 (note the first term is always zero for z = 0 since erf(0) = 0). By analogy with electric mirror charges, the third term can be 5

A c c e p t e d M a n u s c r i p t construed as a mirror heat sink. Eq. 2 can be expanded to account for a finite width of the flow. Let y be the horizontal coordinate in the flow (one side at y = 0, the other side at y = ∞), then the solution to the two-dimensional heat equation is given by

θ(y, z, t) = θ(z, t) 1 2 1 + erf y 2 √ κt . (3) 
A simple calculation shows that edge effects need not be considered as long as y > 5 D.

We have neglected the effect of latent heat, which raises the contact temperature at the interface to the underlying rock and slows down the early cooling process. However, as shown by [START_REF] Jaeger | The cooling of irregularly shaped igneous bodies[END_REF], latent heat does not greatly affect the general pattern of the isotherms. In other words, the effect of latent heat can also be compensated for by a slightly thicker lava sheet. Also, since we already prescribe the temperature at the surface to be T 0 , we need not include the radiative cooling of the surface, which is very efficient at high temperatures, but not so at low temperatures. Another simplification was made by assuming that the thermal diffusivity has no temperature dependence. Camps et al. (1995a) used a sophisticated cooling model which includes all these effects to reconstruct the cooling history of a given flow to be able to assign time marks to the directions isolated at each depth level. As opposed to the inversion-type approach by Camps et al. (1995a), where all these details mattered to obtain a good estimate of the rates of field change, the task here is to understand at a more conceptual level what kind of paleomagnetic signature a lava flow may acquire when cooled in a periodic magnetic field variation.

From the temporal evolution of the cooling isotherms versus depth (Fig. 1) it can be seen that the time at which a given temperature is reached varies considerably along the depth coordinate, which implies that a given phase of an external field perturbation will be magnetically blocked at different times in different depths (assuming that each temperature is a blocking temperature). Whether or not that phase is recorded equally well in different depths, however, depends both on cooling rate and the magnetic blocking temperature spectrum. For a given (blocking) temperature, the cooling rate, |dT /dt| and with it the temporal resolution decrease strongly from the top to the bottom of the flow (Fig. 1).

Blocking process and temporal resolution

It is well known that cooling rate has an important influence on the magnetic blocking process. Firstly, the effective blocking temperature is a func- [START_REF] Stacey | The physical theory of rock magnetism[END_REF], and it has been shown that lowered effective blocking temperatures due to slower cooling rates lead to a few per cent higher pTRM acquired at a factor of 10 decrease in cooling rate [START_REF] Dodson | Magnetic blocking temperatures of single-domain grains during slow cooling[END_REF][START_REF] Fox | Cooling-rate dependence of thermoremanent magnetization[END_REF][START_REF] Halgedahl | The effect of cooling rate on the intensity of weak-field trm in single-domain magnetite[END_REF]. This effect, however, turns out to be irrelevant in the case studied here. Secondly, and more importantly, the cooling rate dT /dt is inversely proportional to the transition time from the unblocked to the blocked state. The time interval t 95 between 5% and 95% blocking of a given component of the blocking spectrum is approximately [START_REF] Dodson | Closure temperature in cooling geochronological and petrological systems[END_REF], where Θ is the cooling time constant, that is, the time in which the magnetic relaxation time increases by a factor e [START_REF] Dodson | Closure temperature in cooling geochronological and petrological systems[END_REF][START_REF] York | A formula describing both magnetic and isotopic blocking temperatures[END_REF]. Thus, t 95 defines the temporal resolution at a given blocking temperature. Θ itself can be estimated on the basis of the following first-order approximation derived by [START_REF] Dodson | Magnetic blocking temperatures of single-domain grains during slow cooling[END_REF],

t 95 ≈ 7.2 Θ , (4) 
1 Θ = 1 kT dE a dT - E a T dT dt , (5) 
where E a is the activation energy to magnetization switching, k is the Boltzmann constant and T is the absolute temperature. As a general rule, the closer the temperatures gets to the Curie temperature, the more pronounced is the variation of the activation energy with temperature (first term in Eq. 5)

and the shorter the blocking time interval becomes. Provided that a certain type of anisotropy (for example, due to particle shape) prevails over the tem-

perature interval of interest, E a (T ) can be factorized into E a (T 0 ) (m s (T )) r ,
where E a (T 0 ) is the activation energy at a given reference temperature T 0 and m s (T ) = M s (T )/M s (T 0 ). Then, Eq. 5 simplifies to [START_REF] Dodson | Magnetic blocking temperatures of single-domain grains during slow cooling[END_REF]. When computing Θ (or t 95 ) for pure magnetite (Curie temperature T c = 580 • C), we assume that the energy barrier for magnetite is dominated by shape anisotropy at high temperatures [START_REF] Dodson | Magnetic blocking temperatures of single-domain grains during slow cooling[END_REF][START_REF] Halgedahl | The effect of cooling rate on the intensity of weak-field trm in single-domain magnetite[END_REF], so that r = 2 in Eq. 6.

1 Θ = E a (T 0 ) kT rm r-1 s dm s dT - m s T dT dt , (6) 
For comparison, we also study a titanomagnetite containing 50 mole per cent ulvöspinel (TM50, T c = 250 • C), the latter being a frequent composition in alkali basalts [START_REF] Petersen | Notes on the variation of magnetization within basalt lava flows and dikes[END_REF]. In titanomagnetites, magnetoelastic anisotropy contributes significantly to the coercivity, i.e., E a (T ) ∝ λ, where λ is the characteristic magnetostriction constant. The temperature dependence of λ A c c e p t e d M a n u s c r i p t

for intermediate titanomagnetites can be approximated by M s (T ) r with r about 3 [START_REF] Moskowitz | High-temperature magnetostriction of magnetite and titanomagnetite[END_REF][START_REF] Sahu | Thermal dependence of magnetocrystalline anisotropy and magnetostriction constants of single crystal Fe 2.4 Ti 0.61 O 4[END_REF]. Since λ decreases fast with increasing temperatures, shape anisotropy may eventually supplant magnetoelastic anisotropy as the prevailing anisotropy term, in which case t 95 values would be higher by about 40% (dashed lines in Fig. 2). We further assume that M s (T ) ∝ (T c -T ) p with p = 0.5 and note that the resulting t 95 values do not critically depend on whether a value of 0.4 or 0.5 is used for the exponent p (solid lines in Fig. 2). From Fig. 2, it can be clearly seen that the blocking time interval t 95 decreases strongly as blocking temperatures approach the Curie temperature, which reflects the fast decay of M s (T ) for T → T c (large dm s /dT in Eq. 6). Since t 95 defines the temporal resolution, the best TRM recording fidelity to time-dependent signals can thus be realized with high blocking temperatures, When dealing with time-dependent signals, the physical meaning of t 95 is that of an averaging time. It is clear that t 95 needs to be small compared to the characteristic period P ω of the signal in order to enable precise recording. We invoke filter theory to assess the smoothing effect when t 95 is of the same order of magnitude as P ω . Let us assume that the blocking process can be described by a boxcar filter of length t 95 . The filter has a symmetric weight function, therefore its phase spectrum is unity, that is, it will not produce a phase shift. However, it acts as a low-pass filter. The amplitude response of the boxcar filter of length t 95 to a sine wave of period P ω is | sin(x)/x|, where

x = πt 95 /P ω . The amplitude response between x = 0 and x = 0.4 decays with 1 -x 2 /6 and has zeros at x = n with n = 1, 2, 3, . . .. Small local maxima occur at x = (n + 1/2) • P ω , but dwindle quickly in amplitude. Therefore, t 95 should be shorter than 1 hours in order to achieve a decent recording fidelity to an external variation of P ω = 4 h. At a cooling rate of 10 • C/hr, this can be achieved with blocking temperatures within ∼ 50 • C below T c (Fig. 2), while at 5 • C/hr, that range narrows to within ∼ 25 • C below T c . For TM50 particles dominated by magnetoelastic anisotropy, that blocking temperature range is roughly twice as broad than for magnetite particles.

In the flow described above (Fig. 1), the cooling rate can vary considerably with temperature and vertical position. The dT /dt (z, T ) distribution is therefore plugged into Eqs. 4-6 to obtain the full range of t 95 values for the flow.

The resulting t 95 (z, T ) diagrams (Fig. 3) for magnetite and TM50 now show the combined effect of blocking temperatue and cooling rate on the temporal resolution. Compared to the isallotherms in Fig. 1, the duration isochrons in Fig. 3a are steeper in the high temperature range (effect of blocking temperature on t 95 ). Conversely, in the low-temperature range, the slope of the duration isochrons is similar to that of the isallotherms, which emphasizes the effect of cooling rate on t 95 here. In other words, for blocking temperatures well below T c , the cooling rate limits the temporal resolution by imposing longer averaging times. 

This means that the t 95 values for a 40 cm thick flow are only a fourth of those for the 80 cm thick flow.

TRM acquisition in a time-dependent field

Using the previous considerations about the phyiscal aspects of the blocking process and the time scales involved, we can now formulate a mathematical model for the thermoremanence (TRM) acquired during cooling in a timedependent magnetic field B(t). Let χ(T, z) denote the blocking temperature spectrum at depth z, then the total thermoremanence (TRM) acquired between the Curie-temperature T c and ambient temperature T 0 at depth z > 0 can be written as

M TRM (z) = Tc T 0 χ(T, z) B(t(T, z)) t 95 dT, (8) 
where B(t(T, z)) t 95 is the magnetic field averaged over the 95% blocking range [t(T ), t(T ) + t 95 ] for a given component in the interval [T, T + dT ] of the blocking temperature spectrum. The time course of the cooling front (blocking front), t(T, z) can be obtained by numerical inversion of the temperature profile T (z, t) (see above, Section 2.1). The remanence remaining after thermal demagnetization up to temperature T E can be written as

tM TRM (z, T E ) = Tc T E χ(T, z) B(t(T, z)) t 95 dT. (9) 
Eq. 9 strictly holds for the case that the unblocking temperature T ub of each partial TRM (pTRM) is equal to its blocking temperature T b . Less ideal cases, e.g., in which pTRM unblocking temperatures differ from the corresponding blocking temperatures, can be treated analoguosly by adopting the Preisachtype TRM model developed by [START_REF] Fabian | Acquisition of thermoremanent magnetization in weak magnetic fields[END_REF].

The time dependency of B(t) is not known, but from the modelling results reviewed in the introduction, we expect a highly dynamic magnetosphere that reconfigures on diurnal time scales. We use the waveform depicted in Fig. 4 and A c c e p t e d M a n u s c r i p t assume that the pulse repeat period is 1 day, that is, B ω (t) = B ω (mod(t, 24 h)).

Such waveforms are seen in magnetograms (of the H component) during a magnetic storm at high geomagnetic latitudes [START_REF] Bolshakova | Magnetic storm on March 13, 1989: The structure of extremely disturbed magnetosphere obtained from geomagnetic pulsations Pc 5[END_REF]. We scale the periodic field perturbation such that the resulting directional variation has a peak-to-trough amplitude of 10 • . The rate of directional change amounts to 2.5 • /h at the rising slope of the wave and is maximum (10 • /h) between the peak and the trough. From the point of view of temporal resolution, the imporant parameters now are the rise time (∼ 2 h) and the pulse duration (∼ 4 h). Given the filter properties of the blocking process (see previous section), the recording of such a signal requires blocking times of t 95 ≤ 1 hr.

Without loss of generality, we now apply this directional perturbation only to the declination in order to be able to present the results in compact form.

Nevertheless, our simulations are based on the full vector form of Eq. 9. We also use a simplfied blocking spectrum, which is uniform in T and constant along the vertical profile, that is, χ(T, z) = 1/(T c -T 0 ) for T ∈ (T 0 , T c ) and z ∈ (0, L). This choice allow us to better isolate the role of temperature and cooling rate on recording ability. The effects of a depth dependent blocking temperature spectrum are of second order and will be discussed later.

Simulated demagnetization surfaces

Continuous thermal demagnetization surface D(z, T E ) simulated for a vertical profile of a 80 cm thick flow are shown in Fig. 5a (for magnetite) and Fig. 5b (for TM50). For better comparison with experimental data [START_REF] Vérard | On the possibility of recovering paleo-diurnal magnetic variations in transitional lava flows: II. an experimental case study[END_REF], in this issue), we resample the demagnetization surface at discrete temperature steps as shown on the right in Fig. 5.

Most importantly, the simulations shows that external-field variations are clearly imprinted in the flow and can, in principle, be extracted paleomagnetically. However, it is only at high unblocking temperatures or in the upper part of the flow that the full peak-to-trough amplitude of the original declination perturbation (10 • ) and its waveform can be recovered. With lower blocking temperatures and deeper positions in the flow, the recording fidelity continuously deteriorates because of the longer averaging time experienced there (compare with Fig. 3). This low-pass filtering leads to smoothed waveforms (devoid of the trailing trough) and subdued amplitudes. As a consequence, the periodic signal variations would not be recognizeable when just plotting the total TRM as a function of depth coordinate. This means that closely spaced thermal demagnetization steps at high unblocking temperatures are needed to isolate the field variation of external origin. This produces a systematic "'phase shift"', which becomes more pronounced in the middle part of the flow, where cooling isotherms and isochrons become steeper. In the z -T range below the white stippled line in Fig. 1, cooling isotherms and isochrons are directed downward since heat is still transported into the underlying flow unit. When an event is frozen in at the right time, it can thus be recorded simultaneously in two parts of the the flow, along the upper and lower branch of the same cooling isochron (see Fig. 5a). The recording on the lower branch is mirror symmetric to the one on the upper branch.

As far as the difference between a high-T c phase (magnetite, Fig. 5a) and an intermediate-T c phase (TM50, Fig. 5b) are concerned, it can be observed that five events (over five consecutive days) are trapped when TM50 is the remanence carrier (compared to two events plus a mirrored one in the case of magnetite). The higher number of events recorded with TM50 is due to the fact that the first blocking sets in much later than in magnetite, that is, when slower cooling rates are prevailing and cooling isochrons are more closely spaced. This, however, implies a tradeoff between number of events trapped and the spatial resolution at which each individual event is sampled. Indeed, the spikes in Fig. 5 are so narrow that even a sample spacing of 1 cm appears too coarse. Also, the temperature range over which the events can be extracted is narrower in the case of TM50, which requires finer thermal demagnetization steps, or preferably, continuous thermal demagnetization.

Effect of flow thickness

Next we consider the role of flow thickness on the recording process. From Eq. 7, it is obvious that the temporal resolution (and with it the spatial resolution at which an event is sampled), is the better the thinner the flow, which is due to faster cooling rates. Fig. 6 shows the thermal demagnetization surface for a 0.4 m thick flow, with otherwise unchanged parameters compared to Fig. 5. Due to the on-average faster cooling rates, only one event is captured in the flow, which however is clearly expressed and can therefore be conveniently extracted with a sample spacing of 1 cm. Again, the original signal amplitudes are well preserved at the high-temperature end, but become subdued with decreasing temperatures. The phase shift amounts to 5 cm per 100 • C in Fig. 6a and to 5 cm per 30 • C in Fig. 6b for the case of TM50.

However, the higher potential recording resolution in thin flows comes with the risk that the flow cools through the optimum range in the T -z space before the magnetic storm event sets in. The event then is recorded in a less effective region of the T -z space, with a strongly damped signature (Fig. 7).
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Discussion

As pointed out in Section 2.3, we deliberately used blocking spectra χ constant in T and uniform over z to better bring out the first-order characteristics of time-dependent TRM acquisition in lava flows. If the blocking spectrum varies along the depth coordinate, the recorded field perturbations will still track cooling isochrons. However, the trace of the trapped signal will be interrupted in those parts of the flow where T c is lower than the temperature that is being intersected by a cooling isochron. Conversely, the amplitude of the signal variation may be enhanced in the next (later) isochron that runs through the high blocking-temperature range of the lower T c phase. Either way, the variation of the amplitude with depth along a given isochron is not monotonic any longer.

It is also important to discuss the effect of a blocking spectrum that is concentrated in the high-temperature part, but vanishes elsewhere (for example, due to a thermoviscous overprint, which renders the low-temperature part of the spectrum useless for this kind of study). Of course, nothing will change in that temperature interval where blocking occurs. However, the propagation of the external perturbation through the thermal demagnetization surface will come to a halt at the lowest unblocking temperature, that is, tM(z, T < min(T ub )) = tM(z, min(T ub )), and therefore only the interval [min(T ub ), max(T ub )] remains for the identification of a periodic external signal, which still may be feasible, provided that fine demagnetization steps are used. What is much more detrimental, of course, is the truncation of the blocking spectrum at the high-temperature side, be it due to poor TRM carriers, be it due to overprint.

Therefore, lava flows have to be examined carefully for secondary alterations, et al. (1997). Therefore, the effect of slightly, but consistently higher laboratory heating rates than geological cooling times will not vitiate the applicability of the protocol. However, the reciprocity assumption that T ub = T b , may be violated by several other effects. Although magnetite with its high Curie temperature is the desired TRM carrier, magnetite is not the primary magnetic mineral in terrestrial lava flows but form via (oxy)exsolution of primary titano-Page 13 of 23

A c c e p t e d M a n u s c r i p t magnetite, which may happen at temperatures below the equilibrium solvus temperature. Therefore it is vital for the paleomagnetic investigation that the exsolution temperature T ex is at least larger than the highest unblocking temperature observed, max(T ub ), but ideally higher than the Curie temperature.

If on the other hand, the exsolution happened at T ex < max(T ub ), then the maximum blocking temperature cannot exceed T ex and thus the reciprocity assumption is violated. The original field variation in the temperature interval [T ex , max(T ub )] cannot be recovered during stepwise thermal demagnetization from [T ex , max(T ub )]. Thus, ore microscopic investigations are necessary to identify the degree of deuteric oxidation and to determine the width of the ilmenite lamellae to put constraints on T ex . The reciprocity between T b and T ub will also be violated if multi-domain (MD) rather than single-domain/pseudosingle-domain particles are the TRM carriers, and thermal demagnetization will not reflect remanence acquisition [START_REF] Fabian | A theoretical treatment of paleointensity determination experiments on rocks containing pseudo-single or multi-domain magnetic particles[END_REF]. Appropriate experimental methods like the IZZI protocol [START_REF] Yu | Toward an optimal geomagnetic field intensity determination technique[END_REF] or tail-check analysis [START_REF] Leonhardt | Multidomain behavior during thellier paleointensity experiments: a phenomenological model[END_REF]) can be used to experimentally test for MD contributions to the TRM carrying fraction.

Conclusions

The magnitude of diurnal field perturbations relative to the static ground field can be expected to be significantly enhanced under various transitional field geometries. Here we have shown that rapidly cooling lava flows with high blocking temperatures (close to the Curie temperature), have the potential to record such perturbations. Since the transformation of a field perturbation from the time domain into the depth domain happens along cooling isochrons, a trapped perturbation has a unique fingerprint by which it can be identified as a temporal field variation (as opposed to overprint). The recording process is most accurate at blocking temperatures close to the Curie temperatures (short blocking intervals) and for fast cooling rates, but deteriorates at lower blocking temperatures and slow cooling rates.

To paleomagnetically extract such a signal, closely spaced samples (1 cm spacing of 1 cm drill cores) from a vertical profile of a thin flow (∼ 50 cm) need to be thermally demagnetized in small steps (15 • at elevated temperatures).

The recovered directions are best represented in the form of a thermomagnetic surface, which allows one to test if directional variations vary systematically with depth coordinate and if their amplitude grows with increasing blocking temperatures.

The fact that large signal variations are observed mainly at high temperatures should not be a serious limitation to a paleodirectional study, provided that the 

  It is interesting to ask how the t 95 distribution looks like for a flow of different thickness D, with D = f D, which cooled under the same conditions. Since the solutions of the heat equation have the form erf(z/ √ 4κt), we obtain t 95 (f z, T ; f D) = f 2 t 95 (ζ, T ; D) .

  Each trapped magnetic perturbation event leaves a characteristic fingerprint in Page 11 of 23 A c c e p t e d M a n u s c r i p t the thermal demagnetization surface by tracking a particular cooling isochron.

  for example due to baking caused by overlying flows or to hydrothermal fluid activity. Also, we have assumed that the unblocking temperature T ub of each partial TRM is equal to its blocking temperature T b . T b depends on the original cooling time, but T ub in the thermal demagnetization procedure depends on heating time. With laboratory heating rates of 10 • C/min and geological cooling rates of 5-10 • C/hr, unblocking temperatures may be slightly, but consistently higher than blocking temperatures (by 10 • to 20 • C for single-domain and lower pseudo-single-domain magnetite, depending on grain size and elongation, see relaxation time vs. blocking temperature nomogram in Winklhofer

Fig. 1 .Fig. 2 .Fig. 3 .Fig. 4 .

 1234 Fig.1. Left) Temporal evolution of vertical temperature distribution T (z, t) in a lava flow (80 cm thickness) emplaced upon an old flow (z > 0.8 m) at time t = 0, as calculated from Eq. 2. Isotherms are shown for the range[130, 580] • C (see colorbar), the contour spacing is 50 • C. The stippled white line depicts the position in the flow with the highest temperature at a given time. Below that line, cooling isotherms and cooling isochrons point downward. Right) Cooling rate for a given temperature T (t) and depth z in the cooling flow (z ≤ 0.8 m). Countour spacing between the isallotherms is 2.0 • C/h.
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ig. 7. As in Fig. 6a, but now the magnetic perturbation sets in 6 hours later.